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[57] ABSTRACT 

An optical communication system using a relatively 
large-area vertical-cavity suiface-emitting laser. The 
laser has an opening larger than about eight microme- 
ters and is coupled to a multimode optical fiber. The 
laser is driven into multiple transverse mode operation, 
which includes multiple filamentation as well as opera- 
tion in a single cavity. 

6 Claims, 2 Drawing Sheets 
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modal dispersion, chromatic dispersion and mode selec- 

OPTICAL COMMUNICATI ON WT TH tive losses. All of these have the effect of decreasing the 

VERTICAL-CAVITY SURFACE-EMTmNG LASER signal-to-noise ratio, and therefore it is desirable to 

OPERATING IN MULTIPLE TRANSVERSE eliminate or mimmize them as much as possible. 

MODES 5 Intermodal dispersion becomes worse as the length of 

the fiber increases. Intermodal dispersion only affects 

BACKGROUND OF THE INVENTIGN multimode fibers, and therefore single mode fibers are 

The present invention relates generally to optical preferred for communication over long distances. As 

transmission of signals and more particularly to an opti- used herein, a "long" distance means a distance that is 

cal communication network of the kind having a multi- more than a few hundred meters and a "short" distance 

mode optical fiber that receives a multiple mode beam is one that is less than a few hundred meters. Of course, 

of light from a vertical-cavity, surface-emitting laser it should be understood that this is an approximation; 

being operated in multiple modes or multiple filamenta- multimode fibers up to a few kilometers in length have 

tion. been used successAiUy, but usually when the required 

Optical communication systems are used to carry length of the fiber exceeds a couple of hundred meters 

information from one location to another. One of the a single mode fiber will be used, 

advantages of optical systems is that they have ex- Chromatic dispersion also becomes more severe as 

tremely wide bandwidths. This means that optical sys- the length of the fiber increases but, unlike intermodal 

tems can carry much more information than can other dispersion, chromatic dispersion affects both single 

kinds ofcommunication systems such as radio or micro- 20 mode and multimode fibers. The adverse effects of 

wave. For example, nearly all long-distance telephone chromatic dispersion can be minimized by using a 

calls are carried by optical communication systems ^^^y coherent laser because such a laser produces a 

because a smgle optical fiber can carry thousands of yght beam of very narrow spectral width. Accordingly, 

conventions at the same dme. Optical systen^ also coherent lasers have been preferred for inost 

offer tiie potaitial of carrymg large quanttUes of digitd 25 ^ communication systems, especially for commu- 

data for high-speed computers more efficiently and j distances. 

economically than other oommmncation systems. ^ ^ can also be used 

Every optical commumcation system mcludes, at a oi,^^;IZ«™n^r X iiu«» uuu u*cu 

minimum, thr^e elements: a transmitter that generates a Z i ^ ^TJ" ^ ^"^"^^ "^T""^' 

beam of light and modulates the beam with data to be 30 carry digita^ data f^om one computer to 

transmitted, a receiver that receives the beam of light f ^^'^^ ^ ^^^^^^ to <^ data be- 

and recovers the data fix)m it, and a medium such as an P°"'^ ^ ^ » ^"^^^ 

optical fiber that carries the beam of light from the «>°^PUtfr. However, multimode optical fibers are pre- 

transmitter to the receiver. Typically the transmitter shortKhstance optical communication sys- 

uses a laser or a light-emitting diode ("LED") to gener- 35 because their relative ease of packaging and aUgn- 

ate the light beam. The receiver uses photodetectors or considerably less expensive than sin- 

the like to receive the beam. The medhim may be an ^^^^ 

optical wav^de or the like instead of an optical fiber. ^ drawback of multimode optical media has been 

Light may travel through an optical medium in smgle m&h& are subject to mode selective losses. A 
mode or multiple modes. In general, a **mode" of an 40 selective loss may be characterized as a physical 
electromagnetic wave can be defined as a stationary condition that affects the optical characteristics of the 
pattern of the wave. In the special case of a beam of medium. These losses may be, for example, splices in the 
light (which may be thought of as an electromagnetic medium, power splitters and other devices that are 
wave in the optical portion of the spectrum), a mode is connected to the medium, and physical defects such as 
a wave pattern that does not change the shape of its 45 P^^^^ quality connections and misalignment of compo- 
transverse field distribution as it propagates through the nents. Although such physical conditions can be re- 
medium, duced by careful design and construction, in practice it 

A given optical medium may be capable of support- ^ rarely possible to produce a system that is totally free 

ing many modes or only a single mode. This b deter- of them. Therefore, all practically realizable multimode 

mined by physical parameters such as — in the case of an 50 optical communication systems will be subject to at 

optical fiber— the diameter of the fiber and the differ- ^east some mode selective losses, 

ence between the indices of refraction of the core and The actual mechanism by which physical discontinu- 

the cladding. ities produce mode selective losses wfll now be briefly 

Likewise, many lasers can be caused to operate in discussed. Interference between different modes in a 

single mode or in multiple modes. This can be done by 55 multimode medium carrying a coherent light beam 

a suitable choice of device structure and drive condi- produces a speckle pattern. Ideally this speckle pattern 

tions. Multiple mode operation has generally been un- would remain stationary, but in practice it moves about 

derstood to consist of multiple modes in one laser cav- within the medium. Speckle pattern movement may be 

ity. However, studies have shown that multiple mode caused by physical Jostling or other movement of the 

laser operation can occur with filamentation due to 60 fiber itself (relatively slow movement) or by laser mode 

non-unifonn gain or loss. This is especially true for partitioning and the like (relatively fast movement), 

lasers with large transverse dimensions compared with Movement of the speckle pattern in a system having 

the wavelength. For convenience, the terms "multiple mode selective losses results in power variations in the 

mode" and ''multimode" as used herein to describe the received signal. These variations are caused by the 

operation of a laser wiU include both multiple modes in 65 mode selective losses and result in a degradation of the 

a smgle laser cavity and multiple filamentation. signal-to-noise ratio. In digital systems, a degradation of 

Optical communication systems are subject to various the signal-to-noise ratio manifests itself as an increased 

kinds of losses and limitations. Among these are inter- bit error rate. 
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Mode selective losses are described in more detail in 
such references as Epsworth, R. E., 'The Phenomenon 

of Modal Noise in Analogue and Digital Optical Fibre FIG. 1 is a schematic diagram of a preferred embodi- 

Systems", Proceedings of the 4th European Conference on ment of an optical communication system according to 

Optical Communications, Genoa, September, 1978, pp. 5 the invention; and 

492-501, and in Kanada, T., "Evaluation of Modal FIG. 2 is a cross-sectional view of a vertical-cavity, 

Noise in Multimode Fiber-Optic Systems", IEEE Jour- surface-emitting laser of the kind vsed in the communi- 

nai of Lightwave Technology, 1984, LT-2, pp. 11-18, cation system shown in FIG, 1. 

Mode selective losses can be avoided by using a rela- nT^crPTPrrriM of tot PUFPrPRHFn 

tively low^oherence light source such as an LED or a 10 ^^^^^^ pMp^^ 

self-pulsating laser diode ("SPLD") rather than a highly invmuuiMxixN 

coherent laser. The use of LEDs in optical communica- As shown in the drawings for purposes of illustration, 

tion systems is described in Soderstrom, R., et al., "Low the invention is embodied in a novel optical communi- 

Cost High Performance Components of Computer Op- cation system having a vertical-cavity, surface-emitting 

tical Data Links", Proceedings of the IEEE Laser and 15 laser ("SEL") driven into multiple transverse mode 

Electrooptics Society Meeting, Orlando, Fla. 1989. A operation to provide a light beam that carries data reli- 

disadvantage of using LEDs in optical communication ably and effidently over a mtiltimode optical medium, 

systems is that the coupling efficiency between an LED To avoid the expense of single mode fibers for commu- 

and an optical fiber is very low. In addition, LEDs are nicating over distances of less than a few hundred me- 

inherentiy slow, which limits the mflTimnm data rate. 20 tets, existing optical communication systems have used 

SPLDs have been used in such systems as the Hewl- multimode fibers, but such systems have been subject to 

ett-Packard HOLC-0266 Mbaud Fiber Channel multi- unacceptably high mode selection losses or have used 

mode fiber data link, manufactured by the assignee low-coherence light sources such as LEDs and SPLDs 

hereof; this is described in Bates, R. J. S., "Multimode that have not been able to achieve sufficientiy high data 

Waveguide Computer Data Links with Self-Pulsating 25 rates. 

Laser Diodes", Proceedings of the International Topical A communication system according to the invention 

Meeting on Optical Computing, Kobe, Japan, April, uses an SEL operating in multiple transverse modes. 

1990, pp. 89-90. The coupling efficiency between an TTieSELprovidesabeamof light that has lower coher- 

SPLD and an optical fiber is better than that between an ence than the highly-coherent light beams typically 

LED and an optical fiber, but still is not optimal. In 30 used in single mode systems but higher coherence than 

addition, the inAiriTniinri data rate that can be achieved the low-coherence beams provided by LEDs and self- 

with an SPLD is limited. Neither SPLD nor LED sys- pulsating lasers. A multimode optical medium carries 

tems have been able to achieve reliable data rates as the beam from the SEL to a receiver which may be less 

high as 1 gigabit per second than a meter away or 100 meters or more distant The 

From the foregoing it will be apparent that there 35 system can transmit data at any rate up to and exceeding 

remains a need for a reliable and economical way to 1.5 gigabits per second with a neghgible bit error rate, 

carry data at rates exceeding one gigabit per second by The system provides all the benefits, such as easy align- 

means of optical communication systems operating over ment, simple packaging and low cost, usually associated 

short distances. with multunode optical media. 

^« ^^^*^^r 40 A preferred embodiment of the invention will now be 

SUMMARY OF THE INVENTION discussed in more detail. As shown in FIG, 1, tiie inven- 

The present invention provides an optical communi- tion is embodied in an optical communication network 
cation system that can transmit data reliably and eco- that includes an SEL 11, a power supply 13 that pro- 
nomically by means of multimode optical media at any vides a bias current to drive die SEL into multiple trans- 
rate up to and exceeding one gigabit per second. 45 verse mode operation, and a multimode optical medium 

Briefly and in general terms, the invention is embod- 15 optically coupled to the SEL to carry the optical 

ied in an optical communication system having a verti- signal from the SEL to a remotely-located receiver 17. 

cal-cavity, surface-emitting laser ("SEL"). A multi- The SEL is responsive to a signal carrying data (desig- 

mode optical medium such as an optical fiber is coupled nated generally as 19) to provide an optical signal mod- 

to the SEL. A power supply provides a bias current that 50 ulated with the data. The receiver 17, which is optically 

drives the SEL into mxiltiple transverse mode opera- coupled to the optical medium 15, receives the modu- 

tion, preferably in more than two distinct modes. The lated optical signal and recovers the data (designated 

SEL generates a beam of light that has a lower coher- generally as 21) therefrom. 

ence than that provided by a single-mode laser. This Various kinds of multimode optical media such as 

beam of light is modulated with data carried by an 55 optical fibers and waveguides may be used for the me- 

incoming signal. The SEL preferably has an aperture dium 15. The SEL 11 and the receiver 17 are coupled to 

larger than about eight micrometers ("jum*') through the medium 15 through suitable couplings 23 and 25. As 

which the modulated light beam is emitted. will be discussed in more detail presenUy, the SEL 11 is 
The optical medium carries the modulated beam of preferably driven in more than two distinct transverse 

light from the SEL to a receiver at a remote location. 60 modes; as noted previously, this may comprise multiple 
The receiver, which may be closer than a meter or filamentation. 

farther away than 100 meters, recovers the data from A preferred method of fabricating the SEL 11 is 

the light beam. illustrated in FIG. 2. The SEL is grown on an n+ GaAs 

Other aspects and advantages of the invention will (galUum arsenide) substrate 31. A bottom output mirror, 
become apparent from the following detailed descrip- 65 for example 18.5 pairs of n-doped GaAs/AlAs (gallium 

tion, taken in conjunction with the accompanying arsenide/aluminum arsenide) quarter- wave layers (gen- 
drawings, illustrating by way of example the principles erally designated 33 in the drawing), is epitaxially 

of the invention. grown on the substrate 31. The interface between the 
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layers is graded using an AlAs/GaAs/Al(0.3)Oa(0.7)As 
variable duty cycle short period superlattice ("SPSL"). 
The SPSL reduces any heterojunction band discontinu- 
ities at the GaAs/AlAs interface. The doping level is 
lXlO^^m-3 in unifoim regions and SxlOl^cm— 3 in 5 
graded regions. For simplicity only a few of the 18.5 
pairs of layers are shown in the figure. The reflectivity 
of the bottom mirror 33 is 98.9%. 

Next an optical cavity structure 35 is grown. The 
cavity structure includes an n-cladding layer 37, a quan- 
tum well 39, and a p-cladding layer 41. The cladding 
layers 37 and 41 comprise Al(0.3)Ga(0.7)As doped to 
IXlOl^cm-^ reduced to SxlO^^cm-^ adjacent the 
quantum well 39. The quantum well 39 comprises 3 



and that the physical dimensions will change accord- 
ingly. 

In another test the performance of the large-area SEL 
was compared with that of a smaller SEL having a 12 
fxm opemng. The threshold currents were about 6.5 
milliamps (mA) for the large SEL and 4.2 mA for the 
smaller. The threshold voltages were 2.7 and 4.5 volts, 
respectively. The output power at twice the threshold 
current was 3.6 milliwatts (mW) for the larger SEL and 
2.8 mW for the smaller. The emission wavelength was 
about 970 nm. 

The SELs were modulated directly by a 1 gigabit- 
per-seoond, non-retum-to-zero ("NRZ'O signal at a 

maximum of2 volt amplitude and with a 215—1 pseudo- 

MQW of strained In(or2)Ga(a8)As (indium gallium 15 random bit sequence through a bias-T. The bias levels 



10 



arsenide) having a thickness of about 80 A (A= Ang- 
strom), with GaAs barriers having a thickness of 100 A. 

Above the quantum well 35 is a highly-reflective top 
mirror 43. The reflectivity of the top mirror is greater 
than 99.96%. The top mirror 43 comprises, for example, 
15 pairs of GaAs/AlAs quarter wave layers (generally 
designated 45), a phase matching layer 47, and an Au 
(gold) layer 49. A proton isolation region 51 surrounds 



were several times the respective threshold currents. 
The SELs were directly coupled into 50/125 graded 
index multimode fiber. The length of the fiber between 
the SEL and the gap was 16 meters, and the gap was 
20 adjusted for a 10 dB loss. An optical attenuator was 
inserted between the gap and the receiver to keep the 
optical power incident on the receiver at 6 dB above the 
receiver sensitivity. 
The receiver was a Hewlett-Packard model 83442A 



theperimeterofthequarterwavelayers.45. As withthe „ j-c j r 1*1 j ^^^^ r 

u^JL.^ ^i^^^ « i..^^^^ ,„o„^ 25 receiver modified for multimode use with a 60 iim In- 

bottom mirror33, only a few of the quarter wave layers /T_AJ-*^ J 1^ J -B^mj^- 

^ ^ CraAs detector and a multimode FC/PC mput connec- 

tor. The receiver had a — 3 dB bandwidth of 0.9 GHz. 
The AC-coupled receiver output was ampHfied to 2.0 
volts before detection. The sensitivity of the receiver 
30 was —23 dBm for a receiver noise-limited BER of 
10-9 



45 are actually shown in FIG. 2. The interfaces between 
the quarter wave layers are graded in a manner gener- 
ally similar to the grading of the interfaces in the bottom 
mirror 33. The doping levels are 1 X 10 ^^cm-^ in uni- 
form regions and 5X lO^^cm-^ in graded regions. 

The phase matching layer 47, which is GaAs, com- 
pensates for phase delays that result from finite penetra- 
tion of the optical field into the Au layer. 

The Au layer 49 is about 2000 A thick and is fabri- 
cated, after MBE growth of the underlying structure, as 
follows. Hrst a 2000 A layer of Au is deposited on the 
GaAs phase matchmg layer 47. Then a thick (more than 
10 fun) Au button is plated on top to serve as a mask for 
proton isolation. The wafer is tiien proton implanted. 
Crystal structure damage that results firom the proton 
implantation provides for current confinement and 
therefore gain guiding. Then another thick Au button 
53 with a diameter of about 300 /Am is plated on top. 



35 



40 



In this test configuration, the 25 fun SEL was oper- 
ated for 16 hours without an error, resulting in a BER of 
less than 10~ ^\ In other tests, the length of the fiber 
between the SEL and the gap (the gap was adjusted to 
a 10 dB loss) was varied between six and 406 meters and 
in every such instance the BER was less that 10- 1 K The 
12 fim SEL was also able to achieve a BER of less than 
10-11 with the gap adjusted to about a 4 dB loss. 

A strongly-driven SEL with a relatively large surface 
area (**large surface area" means a suiface opening 
larger than about eight fim) will operate in multiple, 
high-order transverse modes that are at slightly differ- 
ent wavelengths. As the size of the opening mcreases, so 



This button 53 is used for solder/die attachment of the 45 the mflTiimiTn number of transverse modes that can 
completed device to a heat sink. The wafer is then be obtained Thus, an SEL with a 25 /im opemng can be 
lapped and polished to a diameter of 125 ^ and an operated in significantiy more transverse modes than an 
annular electrode 55 is patterned on the bottom. A S£L with a 12 ftm opening. 

quarter-wave anti-reflection coating 57 of Si02 (silicon As the number of transverse modes increases, the 
dioxide) is deposited in the open region of the electrode 50 optical bandwidth of the light produced by the laser 

also increases and the coherence of the light decreases. 
Speckle visibility measurements have shown that the 
speckle visibility firom a large-area SEL is smaller than 
that of smaller SELs. 

Despite operating in multiple transverse modes, the 
large-area SEL operates in a stable, single longitudinal 
mode. Longitudinal mode partition noise;, which results 
from multiple longitudinal modes, is therefore not a 
significant problem with large-area SELs. 

In one test, a 25 ftm SEL was found to be operating 
in at least six distinct transverse modes at a drive current 
of 2.3 times the threshold current. The spectral width 
was AX =0.75 nm. When the drive current was reduced 
sufRciently to cause the laser to go into single mode 



55. 

An optical communication system embodying the 
principles of the invention was constructed using a 
relatively large-area SEL with a 25 fim opening cou- 
pled to an optical fiber. A physical discontinuity was 55 
deliberately introduced into the fiber; this discontinuity 
was a gap of several millimeters. The gap was adjust- 
able to cause between 3 dB and 16 dB of loss. The 
length of the fiber between the SEL and the gap was 16 
meters; this portion of the fiber was agitated with a 60 
shaker to simulate the effect of fiber movement. The bit 
error rate ("BER") was measured for gaps of various 
widths; the measured BERs were less than 10^^ for 



losses up to 10 dB. 

In the tests described herein, a wavelength of about 65 operation, the spectral width was AX < 0.08 nm; this 

970 nanometers ("nm") was used. It will be apparent measurement was limited by the resolution of the opti- 

that the principles of the invention are equally applica- cal spectrum analyzer that was used for the test. In 

ble to devices that are operated at other wavelengths, contrast, a 12 fim SEL was found to be operating in 
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single mode at a drive current 1.5 times the threshold 
and in two transverse modes at a drive current 2.5 times 
the threshold. 

From the foregoing it will be apparent that an optical 
communication system according to • the invention is 
capable of carrying digital data at rates up to and ex- 
ceeding 1.5 gigabits per second with very low bit error 
rates. The invention also offers the advantages, such as 
easy alignment, simple packaging and low cost, that are 
associated with systems using multimode optical media. 
In addition, SELs are expected to be easier and less 
expensive to manufacture than other kinds of lasers. 

Although a specific embodiment of the invention has 
been described and illustrated, the invention is not to be 
limited to the specific forms or arrangements of parts so 
described and illustrated, and various modifications and 
changes can be made without departing from the scope 
and spirit of the invention. Within the scope of the 
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15 



micrometers through which an optical signal may 
be emitted; 

a power supply that provides a bias current to drive 
the laser into a multiple transverse mode of Opera- 
tion in which the laser is responsive to a signal 
carrying data to provide an optical signal modu- 
lated with the data and to emit the optical signal 
through the aperture; and 

a multimode Optical medium optically coupled to the 
laser to carry the optical signal &om the laser to a 
remotely-located receiver. 

2. A network as in claim 1 and further comprising a 
receiver, optically coupled to the optical mediimi, that 
receives the modulated optical signal and recovers the 
data therefrom. 

3. A network as in claim 1 wherein the multiple trans- 
verse mode of operation comprises more than two dis- 
tinct transverse modes. 

4. A network as in claim 1 wherein the multiple trans- 



appended claims, therefore, the invention may be prac- 20 verse mode of operation comprises multiple filamenta- 
ticed otherwise than as specifically described and illus- xion. 

trated. 5. A network as in claim 1 wherein the multi-mode 

We claun: optical medium comprises an optical fiber. 

1. An optical communication network comprising: 6. A network as in claim 1 wherein the multi-mode 

a vertical-cavity, surface-emitting semiconductor 25 optical mediimi comprises an optical waveguide, 
laser structure having an aperture larger than eight * » » « » 
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ABSTRACT 



The present invention provides for a workstation for 
automatically manufacturing a coupler between at least 
two optical fibers. The workstation has a control unit 
for directing operations of said workstation and an op- 
erations unit for performing the manufacturing steps for 
the coupler. The operations unit has a pair of clamps for 
holding the optical fibers for the formation of a cou- 
pling region between the clamps, a torch for heating a 
predetermined length of the fibers between the clamps 
to fuse the fibers, motor assemblies responsive to the 
control unit for driving the clamps, a source laser block 
for generating an input signal into Ihe optical fibers, and 
a laser measurement block which measures the signal 
from laser source block to determine characteristics of 
the coupling region between the optical fibers. 

20 Oaims, 16 Drawing Sheets 
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FABRICATION PROGRAM 

1. inttudize and dis|toy ready message. 

i Get time, date, puiUog motor position, lead PDs, calculate CRs and BL 
3- TX^by dme, date, poUlBg motor pontion, PDs, CRs aid EL. 

4. SystcmChedL- linkchedi -Du^lay link noimal or fiuluie nttsage. 

Gas leak check -Sbut off gas flow and alann operator on gas 

leak. 

5. Activate a^ipropriatexootiDe if button is pressed. 



OperaticHi buttons: 



Vacuum buttons: 



Heater button: 



Gas Flow button: 



a. 


REGAL 


Recalibrate 


b. 


HOME 


Home 


c. 


PPULL 


Pre^Pull 


d. 


PULL 




e. 


PULL+ + 


Pua++ 


f. 


PACK/DEPACK 


Packaging and Dqacking 


g* 


PST 


Polarization 


h. 


Next... 


Next operation 


i. 


ZERO 


RecmiPD of&ets 


j- 


STOP 


St0p current operation 


k. 


Exrr 


Quit fibricadon program 


I. 


PullLefi 


Left pulling vacuum 


m. 


PoURi^ 


Rigiu pulling vacuum 


n. 


Package 


Packaging vacuum 


o. 


OFF 


Heater control 


p. 


AUTO 


Auto beater control 


q. 


OFF 


Turn gas flow ON/OFF 






manually 



6. Goto 2. 



Operation Buttons 
RECAL (Recalibrate) 

1. Initialize and display operation message. 

2. If &brication data has not been saved, save to data base. 

3. Move motors a few steps away fiDom home position. 

4. If motor stops but still remains at home position, di^lay error message and wait for 
opentcK didting <m 'OK' button and dien goto 8. 

5. Move motors MAX_STEP toward home poation. 

6. If motor stops but not at home position, di^Uy error message and wait for operator 
dicking on 'OK* button and goto 8. 

7. Move motors to ready poation. 

8. Display next operation message. 

9. Return to fahriration program. 



FIG, 8A 
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HOME (Homines 

1. Inkializeaiiddiqilay openttkam^^ 

2. If £Mcttkm dill basnoc been saved, smb to daalx^ 

3. Move padogiiv holder indtoichbi^^ 

4. Move fiber faoider to stnting-oCEset poation. 

5. Move fiber hoUer to stiztxqg posidoo. 

6. Dirtily next openttian message. 

7. Retmn to ftbrication program. 



PPULL (PnPvSSi 

h Move toidi foraizd to fiiaoa poatiQit 

2. Dday preset Pull Delay time. 

3. Move fiber faoider outwaid a ineset step. 

4. Return to fabricatiaii pzogtam. 



PULL (Pulling) 

1. Tfririgi^7^ 2Dd di^lay opetadon message. 

2. Move torch forward to fiiskm position. 

3. Delay inesetPttU Delay time. 

4. Move fiber bolder outward. 

5 . Stop fiber bolder v/bea PD readings reach preset settings or fiver hMa position readi its 
limit of the 'STOP* button has been pressed. 

6. Move torch to home position. 

7. Dday preset Stop Ddxy tiar^. 

8. Keep the CRs, EL, polling lengdi data in memory for record. 

9. Displiy next operation message. 

10. Retain to fiibiicatim pi o giam . 



PDLL++ (Pun++) 

L Move fiber bolder outward 20 steps. 
2. Return to fibricadon p fo g r am 



PACK (Padka^ng) 

1. If fiber holder gap is too naiiow, display warning message and goto 6. 

2. Tntriafirc and display operadon message. 

3. Move packaging holder forward to die poddon below die fosed fiber. 

4. Move p a riragin g holder inward to die packaging posidon. 

5. Disi^y next operation message. 

6. Return to fidnicadou program. 

FIG. SB 
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DEPACK 



1. Tnititti?*^ display opentkRi message. 

2. Tom off padoge vacuum valve. 

3. Move pxiraging bolder downwnd to stazdqg podtuHt 

4. Move paclogti^hcddertiicinvaid to home po^ 

5. I>i9^oextopeiattoa message. 

6. Retom to fibdcation piognmL 



PST (Pdlarizatkm) 

1. Mtialize and diq)lay opeiatioD message. 

2. Return polarization oootn^kr to home position. 

3. Move qoaiter lambda ccotraller to starting poation. 

4. Move half lambda cantiolkr one step at a time fom staning positicm (home) to stopping 
podticm and cdlect PD leadings on stqj^ 

5. Calculate PST finom collected PD readings. (PST = CR (max.) - CR (min.)J 

6. Keq)PSTvalueinmemc»y foriecoid. 

7. Di^d^ next operation message. 

8. Return to fibricatlon program. 



NEXT... (Next Operation} 



Next button will activate d» next operation. 





Current OoerarioB 


Next ODeradon 


a. 


Pulling Vacuums ON 


b. 


b. 


PULL 


c. 


c. 


Padcage Vacuum ON 


d. 


d. 


PACK 


c. 


e. 


Auto Heat 


f. 


t 


DEPACK 


g. 


g- 


PST 


h. 


h. 


Puniitg Vacuums OFF 


i. 


i. 


HOME 


a. 



ZERO (Ilecord FD Ofbets) 

1. Record PD Offsets. 

Tes' -record PD of&ets 

■No" ^ear PD effects 

'Cancel -ik> change 

2. Return to fidnication program. 



no. sc 



01/14/2004, EAST Version: 1.4.1 



U.S. Patent Jan. 31, 1995 sheet 13 f 16 5,386,490 



STOP (Stop cumnt opcrttkm) 



Dqtendiqg oa the cuneot opendon loutine, difGerent action will be peifozmecL 



CoitentOperarinn 
RECAL 



HOME 

PULL 
PACK 

Amo Curing 
DEPACK 

PST 



Redun to fiibricadoa pi o giam . 



-Stop aQ opentiiig xDotc»s 
-Stop aU opecukm timers 
-Coco stq> 8 in RECAL lOQtiDe 
-Stop fiber bolder 
-Goto step 6 in HOME routine 
-Goto step 6 in PULL routine 
-Stop packaging holder 
-Goto step S in PACK rootiitt 
-Tom off beat and stop curiog timer 
-Stop packaging holder 
-Goto step 5 m DEPACK routine 
-Stop polarization controller 
-Goto step 7 in PST routine 



EXrr (Quit foluication program) 

L If data has not been saved, save it to data base. 

2. Stop all timers. 

3. Save aU nootor positions to data file. 

4. Return to main program. 



Vaccmn Bnttons 
Pull Left 

1. Toggle ON/OFF left pulling vacuum valve. 

2. Return to febrication program. 



FKicage 

1. Toggle ON/OFF parVaging vacuum valve. 

2. Return to fabrication program. 



Heater Buttons 
ON/OFF 

1. Toggle ON/OFF heater 

2. Return to fabrication program. 

FIG. 8D 
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Amo (Auto curing) 

1* TnitialiTc and dsplay opendoii message, 

2. Slaxt cuziog doicr and tmn on heat. 

3 . Tkm OFF heat ater cozing time expired or 'STOP' battsm has been pressed* 

4. Display next opeiaticm message. 

5. Retnm to fduicatioii ptogEam. 
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FABRICATION DATA FILE 



... DataFKdd DttaFomiat 



1. SiatiooID 


Intecer 


Z PpentorlD 


Iitteger 


3. Lot Number 


Stxing(lO) 


4, Coqikr Number 


Integer 


5. Wsvdeogtb 


Integer 


6. CRS^ 


String (9) 


7. Date 


Date 


S. Time 


String (8) 


9. Prcf 


Float 


10. £L 


Float 


11. CR 


Float 


12. PST 


Fknt 


13. Pun Length 


Float 



QUAUnED RECORDS DATA FILE 
DataFkId DtU Format 

1. Record Number loteger 



VtOt Dcscripdon 

StatknlDNvmber 
Opexator ID Number 
Lot mmber of coopfer 
Nmnber dot anign lo tfiis coi^ler 
xan Waveteflgdiof bser^ode 

Required CR ^edficatkiQ 
Dtteofttncatkm 
llflK of fthricarinn 



fD rc f a ti Mi c dormg fahriration 
dB Eicesslossofcoapler 
% CoupUqg ratio of coopier 

% Polarizatkm of ooi^ler 

mm PoUisg leoigth of coiner 



DCftUlptlOD 

Record number in £d»icadoa 
data file. 



CTATICTICAL ANALmS 



1. Define record sdedioa criteiias. 

2. Start ficcm tbe first records of fibricatkm data file. 

3. CooQttie eadi tibricadoa reccml widi die record adflctm 

lumber of qualified xtcord imo qualified recced dau file and coUea qualified record data 

to r>*ir^i2ff Statistics. 

4. Repeat st^ 3 until die last iccoid of fidakatkm data file. 

5. Display statistical results on screen. 



DISPLAY QUALfflED RECORDS 

1 . ReoMds dm match die rcond selectkm criterias are stored in qualified cccnds data file. 

2. AvaiUUe reoord di^lay option: 

TOP -Disj^y the first qualified lecoid data 

BOTTOM -Display die last qualified record data 

NEXT -Display next t^i^^^*^ record data 

PKEV -Di^Klay psevioos qualified record data 

RecordNumber -Dt^Uy qualified record data of a specific leoocd 



01/14/2004, EAST Version: 1.4.1 



U.S. Patent 



Jan. 31, 1995 



Sheet 16 of 16 



5,386 



FRINT QUALIFIED RECORDS 

L Cbeck to iocfaide prindqg secdoos: 

a. SdectioQ Ctitedft 

b. Statistic Results 

c. Data base Rcoonis. Check to indwkzeccttdfiel^ 

2. If V tern siqi 1 is sdected, fonoat and wzite sdectioD 

3. If *b' ftom step 1 is scirac d, fbmat and wnte statistic lesolts to prist file. 

4. If'c'fianstqjlissdected, 

a. Stan ftom fitst qualified zecoid 

b. Foooat and write iodnded field data to prim file. 

c. Rqieatstq) *b* until end of data file. 

5. Bnst out print file. 
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FIG, 6 A is a block diagram of the laser source and 

AUTOMATED WORKSTATION FOR THE measurement subsystem of the operations unit of FIG. 

MANUFACTURE OF OPTICAL FIBER COUPLERS 2; FIG. 6B shows the details of the laser measurement 

block of the subsystem of FIG. 6 A; FIG. 6C details the 
BACKGROUND OF THE INVENTION 5 adaptor fitting of an optical fiber to the photodiode m 

The present invention is related to manufecturing ^^^^ ® iUustrates the details 

techniques for optical fiber couplers and, more specifi- and operation of the polarization controller block of the 

cally, to the automated manufacturing of such couplers. ^^SS^T; °/ f^* . . . 

Fiber optic coupler^i are used to connect optical fibers ^^P' 7^ ^ ^ ^^^^ diagram of the mput/output com- 

so that an optical, i.e,, hght, signal in a fiber passes to P^^catJOf and control subsystem which is an interface 

one or more fibers, or optical signals from several fibers ^T^^ S^^? ^ ^ "^"^^t 

pass to a smgle fiber. Networks of optical fibers with ™^ ^ ^ block diagram of the mterface 

numerous couplers are being used with increasing fre- optical fibers 12 and the control 

quency for the transmission of data, voice and video ^"^r-i «a oc i- * *i. 1.-1. 

information due to the high transmission capacity of .J^^l'J^^t •f'f, P^^^T Z^f 

optical fibers, among other reasons. mrs ^I'^STlT il'^K^^^ 

In a typical coupler a single mput fiber joins two Il^luf J ^'^^ T^o^^'^ 

outputfibL tofon^a IXlcouplerTortwoinVutfibers ^« ^P^^*'^^ P«>S^^ ^^^^^S. 8A-8E. 

join two output fibers to form a 2X2 coupler. Other DETAILED DESCRIPTION OF PREFERRED 

combinations are possible. In a general manufacturing EMBODIMENTS 

process of such couplers, two or more optical fibers xTir^ -i-i. • r * ix^- 
. u« v* * FIG- 1 shows a view of an automated workstation m 

S^d^l^„^^,^ ^« accordance with the pre^t inveaticm. The worksta- 

gBthcrandplac«Jffl«mtactwith each other, pefibers ^ operations unit 10 and a control unit 11 in 

may, or may not, be twmed together, dependmg upon 25 frontof whichToperator isLted TlT^a^ns 

pier. The fibers are nised together by heat, as the fibers fi,^^i«-^«« i t. * j i. 

are placed under tension by slowly and carefiiUy pulling i .1^ ^'^^TT^fl^ 

thei apart at a predetemLed rate. ^ dismay momtor 13. Through ^e control umt 11, the 

irZr 'V^ Tr J r * r:v workstation may be programmed so that the different 

I, "f*?"^"*"^' ^^T'V^^^L^'' t^"^*^ ^ 30 couplers with different fSrameters may be built 
^fZ^T^ ^- ^f^^ techmcians with ^ organiza^nTf the oi^erations unit 10 

manual, oratbest, senu-automated eqmpment Thus the ^he control unit 11 is represented in FIG. 2. The 

costs for couplers are relatively high ^^^,^1 ^^^-^f ^ ^ computer, 

wiA production volume low. This at^ation is an im- communicates with the operations^init 10 over two 
pedment to the desirable spread of fiber optic net- 35 mulihnode optical fibers 12. Tlie operations unit 10 has 
^^^** ^ . ^ t . ^ input/output communication and control subsystem 

Hie present invention solves or substantially nnti- 20, a fiber damp and drive subsystem 30, a heating and 
^ these problems with an automated workstation for f^o^ subsystem 50, a laser source and measurement 
fiber opdc couplers. subsystem 70, a package and curing subsystem 80, and a 

SUMMARY OF THE INVENTION ^ process monitoring camera and display subsystem 90. It 

has been found that the electrical operations of the 

The present mvention provides for a workstation for control unit 11 may disrupt the precise operations of the 
automatically manufacturing a coupler between at least unit 10 and the optical link of the fibers 12 reduces the 
two optical fibers. The workstation has a control unit likelihood and effects of such electrical interference, 
for directmg operations of said workstation and an op- 45 Pans of the operations unit 10, which are directly 
erations unit for performing the manufacturirffe steps for involved in the manufacture of couplers are shown in a 
the coupler. The operations unit has a pair of clamps for cutaway and detailed view of FIG. 3. In FIG. 1 this part 
holding the optical fibers for the formation of a cou- of the operations unit 10 Ues under a transparent plastic 
pling region between the clamps, a torch for heating a covering 31 which protects a coupler from contami- 
predetermined length of the fibers between the clamps 50 nants. FIG, 3 shows two clamps 31 of the fiber clamp 
to fuse the fibers, motor assembhes responsive to the subsystem 30 holding a pair of optical fibers, shown 
control unit for driving the clamps, a source laser block collectively by the reference numeral 100. The fibers 
for generating an input signal into the optical fibers, and lOO are held m each clamp 31 by vacuum. The clamps 
a laser measurement block which measures the signal 31 move toward and away fit)m each other during 
from laser source block to determine characteristics of 55 operation as indicated by arrows 24 and 25 respectively, 
the coupling region between the optical fibers. A cover 23 protects the mechanism which drives the 

BRIEF DESCRffTION OF THE DRAWINGS ^^?*^J;*« ^ ^.u u ^ • 

A torch 51, part of the heatmg and fusion subsystem 

FIG. 1 is a perspective view of the workstation ac- 50, provides the heat necessary for any fusing operation 
cording to the present invention. 60 of the clamped fibers 100. The heating torch 51 is 

FIG. 2 is a block diagram illustrating the general moved toward the fibers 100 for a fiision operation and 
organization of the workstation of FIG. 1. moved away otherwise. Arrows 26 and 27 respectively 

FIG. 3 is a perspective and detailed view of part of illustrate the lateral and vertical motion of the torch 51. 
operations unit of FIG. 1. Also shown in FIG. 3 arc a prepackage holder 81 of the 

FIG. 4 is an cutaway view of a fiber clamp assembly 65 package and curing subsystem 80. The bolder 81 carries 
of the operations unit of FIG. 1. a prepackage into place against the fibers 100 so that 

FIG. 5 is a detailed side view of the drive assembly of epoxy placed on tiie fibers and prepackage may be 
die fiber clamp of FIG. 4. cured by heaters within the holder 81. Arrows 28 and 
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29 respectively illustrate the horizontal and vertical 
movemeiit of the prepackage holder 81 during its opera- 
tion. 

Finally, FIG. 3 shows a camera 91 of the process 
monitoring camera and display subsystem 90. The cam- 
era 91 allows a detailed view of the manufacturing 
process between the clamps 31. 

FIG. 4 shows the details of the assembly for a fiber 
clamp 31. The clamps 31 are designed to hold the opti- 
cal fibers 100 securely without damaging them and to 
provide a smooth and controlled pull on the fibers 100 
in the coupler manufacturing process. The assembly has 
a base 45 with a channel 46 for the vacuum to clamp the 
optical fibers, here shown as two separate fibers lOOA 
and lOOB. The channel within the base 45 communi- 
cates with a flexible tube 44 which has an end fixed to 
the base 45. The other end of the flexible tube 44 is 
connected to a vacuum pump (not shown). A vacuum 
distribution plate 42 rests on the top flat surface of the 



10 



15 



39. Thus as the drive screw 36 turns, the clamp 31 
moves back and forward. 

Also pictured in FIG. 5 a front view of the torch 51 
and the prepackage holder 81. The torch 51 is made 
from a machinable glass ceramic. Torches made from 
metal are required to be shut off after a fusing operation 
to prevent the heat buildup fiom melting the torch 
itsdf. Additionally the cycling of the torch as it is 
turned off and on causes contaminating particles to be 
generated. The torch 51 can be maintained in an ignited 
state during the manufacture of fiber optic couplers so 
that the fusing of optical fibers can be performed uni- 
formly and reliably. The torch is also shaped and dimen- 
sioned for specific manufacturing requirements for a 
optical fiber coupler. One such torch, which is also 
useful for automated workstations, is described in U.S. 
patent Ser, No. 08/004,041, entitied, "A TORCH FOR 
MANUFACTURE OF OPTICAL FIBER COU- 
PLERS AND METHOD OF MANUFACTURE," 



base 45. The plate 42 has a linearly arranged series of 20 filed Jan. 15, 1993 by J. J. Pan et al and assigned to the 



holes 43 which conmiunicate with the channel 46. A 
pair of damp surface plates 40 he on the plate 42 and are 
fixed to the base 45 by machine screws 41 which fit 
through holes in the plates 40 and 42. Each plate 40 has 



present assignee. 

FIG. 3 shows the torch 51, its flexible gas supply tube 
52 and a control valve 53. The control valve 53 is con- 
nected to a source (not shown) of gas, typically hydro- 



a beveled upper surface 40A which leads to a plate edge 25 gen, so that gas is supplied through the tube 52 to the 



40B. The two plates 40 are mounted so that the edges 
40B are positioned parallel to each other over the holes 
43 of the distribution plate 42. The edges 40B are 
slightly separated from each other to form a linear and 



torch 51. Also associated with the heating and fusion 
subsystem 50 is a safety gas sensor 54 which is coupled 
to the control valve 53. The gas sensor, such as Part No. 
2001-00, from Sierra Monitor Corporation of Milpitas, 



beveled opening which receives optic fibers lOOA and 30 California, detects the presence of gas. If the concentra- 



lOOB. The air pressure from the vacuum in the channel 

46 through the holes 43 holds the fiber 100 in place. To 
provide an alignment reference for the plates 40, a side 
plate 49 is mounted to the base 45. One of the pktes 40 

is mounted against the side plate 49 to fix the location of 35 
its edge 40B and the edge 40B of the second plate 40 can 
then be located. 
The bottom of the clamp assembly has a carriage base 

47 upon which the base 45 is mounted. A bearing sur- 
face 48 is fixed along the bottom edge of carriage base 40 
47. A second bearing surface 59 is attached to the hous- 
ing 55 for the clamps 31. To ensure that the two races 48 
and 59 slide easily past each other, a thin bearing plate 
56 with apertures holding cylinder roller bearings 57 is 
placed between the races. It should be understood that 45 
there is a similar arrangement of bearing surfaces and 
bearings on the other side of the carriage base 47 to 
form parallel races for the clamps 31. This permits each 
clamp 31 to slide back and forth as indicated in FIG. 3. 



tion of gas exceeds a predetermined level, the sensor 
activates an alarm and emits a signal to the valve 53 to 
shut off the gas supply. Note that the drive mechanism 
for the torch 51 is not shown since the design of such a 
mechanism is a straightforward matter. 

Likewise the drive mechanism for the prepackage 
holder 81 is not showiL The holder 81 is trough-shaped, 
into which fits a prepackage, a glass half-tube. Normally 
the holder 81 rests out of the way below the clamps 31 
and fibers 100. For a packaging operation the holder 81 
rises to set a prepaclu^e in slight contact with the fibers 
100 between the clamps 31. Electric heating elements in 
the metal holder 81 help cure epoxy used on the fibers 
100 and prepackage. 

The process monitoring camera and display subsys- 
tem 90, which has the video camera 91, with a micro- 
scope lens, connected to the monitor 92. The camera 91 
is focused upon the coupling region of the coupler to be 
formed between the cUsaps 31, as shown in FIG. 3. The 



FIG. 5 shows the details of the drive assembly for 50 camera 91 allows an operator to observe the minute 



each of the clamps 31. A stepper motor 32, mounted to 
the housing 55, has a shaft 33 which is connected 
through a coupling 34 to a reduction gear box 35. The 
gear box 35, mounted to the housing, has a drive screw 
36 with a journal at the far end which is held in place by 
a support 38, also fixed to the housing, containing a 
journal bearing . Note that the support 38 also receives a 
drive screw 36 for the second clamp 31. Mounted on the 
drive screw 36 is a drive screw carriage 37, which 



details of the formation of the coupler during the manu- 
facturing process on the monitor 92. 

FIG. 6A shows the organization of the laser source 
and measurement subsystem 70, which has a laser 
55 source block 71, a laser measurement block 72, and a 
polarization controller block 73. The laser source block 
71 has a Fabry-Perot laser diode unit having an output 
connected to a fitting 73. Laser diodes units of 850 mn. 
1300 nm, 1310 and 1550 nm wavelengths may be used 



moves along the drive screw 36 backward or forward, 60 for a desired optical wavelength. The output from the 



depending upon the direction of the rotation of the 
motor 32. The drive screw carriage 37 has an arm 
which extends upward toward the assembly for the 
clamp 31. The carriage base 47 of the clamp assembly 
has a clamp undercarriage 58 which has an aim which 65 
extends downward toward the drive screw carriage 37, 
The arms of the drive screw carriage 37 and the clamp 
undercarriage 49 are connected by a coupling linkage 



laser source block 71 is sent by an optical fiber to the 
polarization controller block 73. As the name implies, 
the block 73 controls the state of polarization of the 
optical signal from the laser source block 71. The output 
signal from the block 73 is connected by optical fiber to 
a connector fitting 74. 

The laser measurement block 72 measures the 
strength of an optical signal received through a connec- 
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tor fitting 75, which is mounted to the front of the work- ODL70 from AT&T Microelectronics, Inc. of Allen- 
station. See FIG. 1. As shown in FIG. 6B, Ught from the town, Pa. is nsed for the receiver 21 and transmitter 22. 
fitting 75 is directed toward a photodiode 77. FIG. 6C The serial electrical signals, translated from the Hght 
illustrates the bare fiber adaptor used to hold the end of signals by the receiver 21, are changed into parallel 
the optical fiber connected to the fitting 75 in place with 5 signals by a serial-to-parallel communication circuit 23, 
respect to the photodiode 77, The output terminals of a TAXI integrated circuit from Advanced Micro De- 
the photodiode 77 are connected to the input terminals vices. Inc. of Sunnyvale, Calif. The paraUel signals are 
of an operational amplifier 78. By setting the magnitude sent to a communication control gate array 25, part no. 
of the resistance between the output terminal and the TPClOlOA from Texas Instruments, Inc. of Dallas, 
negative input terminal of the amplifier 78, as repre- 10 Tex. The array is organized into a command interpreter 
sented by a programmable resistance block 76, the am- & error handling unit 25A, a unit 25B of data latches 
plification factor for the output of the photodiode 77 and registers 25B and an address decoder unit 25C. The 
may be selected. The design of circuits having resis- data latch and register unit 25B is connected by bidirec- 
tances which may be set or programmed are well tional data paths to the command interpreter & error 
known to circuit designers. 15 handling unit 25A and is also connected to the decoder 

The polarization controller 73 is formed by an optical unit 25C. The unit 25A receives signals from the serial- 
fiber which receives the light from the laser source to-parallel communication circuit 23 and passes control 
block 71. The fiber is coiled by two plates 76, one of signals to an input/output control portion of the back- 
which holds a quarterwavc coil and the other plate plane bus 27 of the operations unit 10 through driver 
holds a halfwave coil, as shown in FIG, 6D. The 20 circuits 26. The data latch and register unit 25B also 
amount of mechanical rotation of the plates 76 about an receive signals from the serial-to-parallcl communica- 
axis in the plane of the coils is translated into a roUtion tion circuit 23 and sends data signals through the driver 
angle of polarization of the light being emitted from the drcuits 26 to the data portion of the backplane bus 27. 
laser source. A description of this type of polarization The address decoder unit 25C sends address signals to 
controller is found in, "In-line angle-mode fiber polar- 25 the address portion of the bus 27 through the driver 
ization controllers at 1.55, 1.30, and 0.63 ftm," by Birgit circuit 26. The driver circuit 26 is formed by a standard 
G. Kochler and John R Bowers, Applied Cities, vol. 24, paraUel driver integrated circuit Such circuits are sup- 
no. 3, Feb. 1, 1985, pp. 349-353. During a test of a cou- pUed by many semiconductor companies. For com- 
pler being manufactured, the plates 76 are rotated about pleteness* sake, the backplane bus 27 is also shown with 
a wide arc by a motor (not shown) to test the change in 30 power and ground lines. 

the coupling ratio of the coupler with respect to the Conmaunication from the unit 10 to the fiber 12 is 
polarization of light passing through the coupler. The performed from the input/output control and the data 
amount of light received by the photodiode 77 of the portions of the backplane bus 27 through the driver 
light measurement block 72 with respert to the rotation circuit 26 to the command interpreter & error handling 
of the plates 76 yields the sensitivity of the manufac- 35 unit 25A and the data latch and register unit 25B respec- 
tured coupler to the polarization of light tively. Both units 25A and 25B are connected to a paral- 

FIG. 1 illustrates how the laser source and measure- lel-to-scrial communication circuit 24, another TAXI 
ment subsystem 70 is connected during the manufacture integrated circuit from Advanced Micro Devices, Inc. 
of a coupler. One end of the optical fibers 100 is termi- The serial signals from the circuit 24 are send to the 
nated with a connector which is inserted into the output 40 fiber optic transmitter 22 for transmission on the fiber 
fitting 74 of laser source and measurement subsystem 12. 

70. Note that the fiber is coiled by a supply spool 101. The communication control gate array 25 is formed 
Another end of the optical fibers 100 is terminated with by programming various different integrated circuits, 
a connector which is inserted into the fitting 75. Thus, which are now available to a electrical system designer! 
optical signals on this fiber 100, say lOOA, arc received 45 Besides the part from Texas Instruments, other circuits 
by the photodetector 77. The output signal of the pho- which may be used for the gate array 25 include Pro- 
todetector may be amplified by a selectable factor to grammable Array Lo^c mtegrated circuits, such as a 
monitor the signal on the fiber lOOA. As shown in the 22V10 from Advanced Micro Devices, and a Field 
drawing, there are multiple fittings 74 and 75 so that programmable Gate Array from Actel, Inc. of Sunny- 
each fiber of the manufactured coupler can be supplied 50 vale, Calif. 

and measured with light The control unit 11 likewise requires an interface unit 

Referring to FIG, 2, the input/^output communication to the fiber 12 for communication to the operations unit 
and control subsystem 20, a conduit through which the 10. FIG. 7B shows the organization of the mterface unit 
control unit 11 controls the subsystems of the opera- to tiie fiber 12. Except for the reversal of some of the 
tions unit 10 and receives mformation from them, is in 35 signal paths, it is nearly identical to that shown in FIG. 
the form of an adaptor card which is interfaced between 7A, Hence, no further explanation is made for the inter- 
the optical fibers 12 and the rest of the operations unit face unit. 

10. The subsystem 20 translates light signals from one of The control unit 11 is an IBM-type personal com- 
the fibers 12 into electrical signals for the unit 10 and puter with a special interface to the operational unit 11, 
electrical signals generated in the unit 10 into optical 60 as explained previously. The control unit 11 has a cen- 
signals for the other of the two fibers 12. In this manner, tral processing unit, an 80486 microprocessor from Intel 
all of the subsystems 30, 50, 70, 80 and 90 communicate Corporation of Santa Qara, Calif., two floppy disk 
with the control unit 11. drives, a hard disk drive, a monitor, a video acceleration 

FIG. 7A details the subsystem 20. Light signals are card for the Windows computer program discussed 
received by a fiber optic receiver 21 from one of the 65 below, a keyboard, and a mouse, all of which interface 
fibers 12 and transmitted by a fiber optic transmitter 22 on a bus. This type of computer with these components 
to the other fiber 12. Transmission and reception occurs are commonly available. Also connected to the bus is a 
at a 72 Mbps data rate over these fibers 12. Part no. specially designed fiber optic interface unit in tiie form 
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of an adaptor card for the optical fiber 12 to the opera- The "database" referred to is discussed below. HOME 

tional unit 10. moves the clamps 31 and prepackaging holder 81 into 

The operating system program of the control unit 11 starting position. PPULL places the torch 51 into a 

is the common combination of MS-DOS, version 5.0, ready position as the clamps 31 move away &om each 

andWmd ws, version 3.1, both from Microsoft Corpo- 5 other a predetermined amount. PULL moves the torch 

ration of Redmond, Wash. The Wmdows program pro- 51 into position and the clamps 31 are moved apart The 

vides a graphical user interface which permits the user PULL-l- + program moves the clamps 31 apart by a 

to easily operate the workstation. Other operating sys- predetermined amount PACK is the packaging pro- 

tems could be used, whether custom or commercially gram by which the holder 81 moves into position. In 

available. 10 DEPACK the vacuum of the holder 81 is turned off and 

Under the operating system are the applications pro- returned to its home position. PST is the polarization 
grams which direct the operations unit 10. Each appU- test program. The program rotates the quarterwave 
cations program is designed for a particular type of fj>er plates 76 of the controller 73 as the output of the photo- 
optic coupler. Within the program there is parameter diode 77 (PD) is recorded for each step of the rotation, 
selection, such as coupling ratio, insertion loss and IS A polarization value is obtained by the maximum devia- 
wavelength, which allows a coupler to be adapted for a tion of the coupling ratios for all the steps of rotation. A 
particular use. special NEXT button, whose pseudocode is shown in 

Before the workstation is engaged, however, the FIG. 8C, is defined to further simplify operations. For a 
fibers are first prepared. The protective jacket is re- routine process the NEXT button ensures the correct 
moved from the section of the fibers where the coupler 20 procedure to follow and thereby mflintging high pro- 
is to be formed. Any fibers which must be prctapered duction yields. The ZERO program records the offeets 
are heated and stretched on the workstation. Then the for the photodiode 77. The offsets are used to cah1>rate 
steps for manufacturing the coupler itself arc started. the photodiode 77. The STOP button stops the current 
After the vacuum to the clamps 31 is turned on to hold operation and, depending upon the operation, moves to 
a predetermined number of fiben 100 in place, the 25 a different one, as mdicated m FIG. 8D, before return- 
damps 31 are driven apart to puU on the fibers 100 in a ing to the Fabrication Program. The EXIT button quits 
controlled manner. The tension on the fibers 100 affects the Fabrication Program. 

the power coupling ratio of the coupler being formed. The Fabrication Program also has other groups of 
The coupling ratio is monitored by the strength of the buttons, including Vacuum Buttons and Heater But- 
optical signal to the photodiode 77. When the specified 30 tons. Tlie Vacuum Buttons include a PULL LEFT 
oouphng ratio is reached, the clamps 31 stop and main- button which toggles the vacuum of the left clamp 31 
tain the fibers 99 in place. The torch 51, which has been off and on, and a PACKAGE bunon, which toggles the 
ignited, moves forward and heats a portion of the fibers vacuum of the prepackage holder 81 off and on. The 
to fuse them together. Heater Buttons mclude an ON/OFF button which tog- 
A prepackage, a half-cylindrical tube, is manually 35 gles the heater of the holder 81 off and on, and an 
placed into the pre-packing holder 81. The vacuimi to AUTO button, which turns off the heater of the holder 
the holder 81 is turned on and the bolder 81 moves to 81 for a predetermined amount of curing of epoxy on 
the fibers 100 so that the prepackage holds the fibers the prepackage. 

100. Thermal epoxy is applied at the two ends of the It should be noted that the steps described above are 

tube. The heating dement in the holder 81 is turned on 40 for the general manufacture of a fiber optic coupler, 

for a specified amount of time to cure the epoxy. The The details in preparing the fibers 100 and in arranging 

vacuum to the bolder 81 is turned o£f and the polariza- them before loading into the clamps 31 all contribute to 

tion test is performed. the performance of the finished coupler. For example. 

After the polarization test, the vacuum to the clamps an explanation of a particular 2X2 coupler is found in 

31 is turned off and the coupler in its prepacking tube is 45 U.S. patent Ser. No. 08/004,043, entitled, "BROAD 

manually removed from the workstation for the final BANDWIDTH, SINGLE-MODE FIBER OPTIC 

packaging steps. Finally, the workstation reinitializes COUPLER AND METHOD OF MANUFACTURE 

itsdf to return all parts, such as the clamps 31, to the THEREFOR,** filed Jan. 15, 1993 by J, J. Pan et al. and 

initial state to begin the manufacturing cycle over again. assigned to the present assignee. The workstation ac- 

In the workstation each of these operational steps are 50 cording to the present invention permits the steps of 

performed automatk^ally. FIGS. 8A-8E display the clamping, heating, pulling, fusing, and prepackaging the 

operational steps for manufacturing a fiber optic cou- coupler to be precisely specified for the optimum per- 

pler m the described workstation in pseudocode form. formance of the desired coupler for automated execu- 

The workstation starts with the Fabrication Program in tion. 

FIG. 8A which initializes the workstation. The term, 55 The control unit 11 also collects data from the manu- 

PD, refers to the photodetector 77; the term, CR, to the facturing process into a database. From the specified 

coupling ratio, i.e., the ratio of the amount of light in an records and fields of the database, information, such as 

output fiber of the manufactured coupler to the amount yield, quality distribution, productivity, and diagnos- 

of light in an mput fiber of the coupler; and the term, tics, are provided for the manufactured coupler units. 

EL, refers to excess loss, the amount of light which lost 60 FIG. 9A-9B describes the database program which 

after passing through the coupler. The pulling motor collects the manufacturing data m pseudocode form, 

refers to the motor which drives the vacuum clamps 31. The Fabrication Data file shows the fields of records in 

Finally the buttons referred to are displays of buttons, that file. The Qualified Records Data file is ianother data 

or icons, in the termmology of the Wmdows operating file, which is used to help set aside records in the Fabri- 

system, by which other programs are started, or 65 cation Data file. The Statistical Analysis file performs 

launched, when "clicked" by the arrow cursor. the requested analysis of the manufactured couplers 

These programs, or operation buttons, are described firom the Fabrication Data file. The Display Qualified 

below. RECAL recalibrates the clamp motor positions. Records file and Print Qualified Records file respec- 
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tivdy display and print out the records from the Quali- 
fied Records Data file. 

Thus with the described workstation, high volumes 
of high quality, highly reliable fiber optic couplers may 
be manufactured at low cost. The precision of the oper- 
ation of the workstation permits couplers to be manu- 
factured with high yields and the programmability of 
the workstation allows operations to be performed with 
flexibility and ease. 

While the above is a complete description of the 
preferred embodiments of the present invention, vari- 
ous alternative, modifications and equivalents may be 
used. It should be evident that the present invention is 
equally applicable by making appropriate modifications 
to the embodiments described above. Therefore, the 
above description should not be taken as limiting the 
scope of the invention which is defined by the metes 
and bounds of the appended claims. 

What is claimed is: 

1. A workstation for automatically forming a cou- 
pling region between at least two optical fibers, said 
workstation comprising 

control means for dhrecting operations of said work- 
station; 

a pair of clamps for holding said optical fibers for the 
formation of said coupling region between said 
clamps; 

means responsive to said control means for heating a 
predetermined length of said fibers between said 30 
clamps to fuse said length; 

means responsive to said control means for driving 
said clamps; 

m en Tis responsive to said control means for generat 



10 



10 
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8. The workstation as in claim 7 wherein said control 
means communicates with said operations area by an 
optical fiber, 

9. The workstation as in claim 1 wherein said heating 
means comprises a torch connected to a gas supply and 
further comprising means for detecting a gas concentra- 
tion over a predetermined amount 

10. The workstation as in claim 9 further comprising 
means responsive to said detecting means for turning off 
said gas supply. 

11. A method of automatically manufacturing a fiber 
optic coupler of at least two optical fibers, said method 
comprising 

defining operational parameters for said fiber cou- 
pler; 

mounting on a pair of clamps a prepared section of 
said optical f^rs for a coupling region with said 
coupling region therebetween; 

heating a section of said optical fibers to fiise said 
fibers together responsive to said defined opera- 
tional parameters; 

driving said clamps apart responsive to said defined 
operational parameters;; 

generating an input signal into said optical fibers, said 
input signal selected by said defined operational 
parameters; 

monitoring an output signal responsive to said input 
signal as said clamps are driven apart to determine 
at least one operational parameter; 

stopping said clamps when said one operations^ pa- 
rameter matches a defined operational parameter; 

whereby a fiber optic coupler is manufactured by 
automation. 

12. The method as in claim 11 further comprising 



ing a sdectable input signal into said opticd fibers; ^5 automaticaUy positioning and holding a package for 
and said coupling region of said fibers after said stopping 

means for monitoring an output signal responsive to 
said input signal to determine characteristics of said method as in claim 12 further comprising 

coupling re^on between said optical fibers; heating said package for thermally curing epoxy after 

whereby fiber optic couplers are.automatically manu- ^ said positioning and holding step. 



factured. 

2. The workstation as in claim 1 further comprising 
means responsive to said control means for positioning 
and holding a package for said coupling region fibers, 

3. The woricstation as in claim 2 wherein said posi- 
tioning and holding means further comprises means for 
heating said package for thermally curing epoxy; 

4. The workstation as in claim 1 further comprising 



14. The method as in claim 11 comprising recording 
monitored output signals and determined characteristics 
for each fiber optic coupler manufactured. 

15. The method as in daim 14 placing said monitored 
45 output signals and determined characteristics into re- 
cords and fields to form a database of said manufactured 
fiber optic couplers. 

16. The method as in claim 15 further comprising 
calculating statistical daU firom said records and fields 



means for recording monitored output signals and de- -""i^ .t««wwu uaiu^«uai :huu rccon 

t«rmin«i r^M.r^^J^n. w .,.1, fiLTT ^J^^T. ^r said manufectured fiber optic couplers. 



termined characteristics for each fiber optic coupler 
manufactured, 

5. The workstation as in claim 4 further comprising 
meaTis for placing said monitored output signals and 



determined characteristics into records and fields to 55 optical fiber. 



17. The method as in claim 11 wherein said control 
means is physically separated from said operations area. 

18. The method as in claim 17 wherein said control 
means communicates with said operations area by an 



form a database of said manufactured fiber optic cou- 
plers. 

6. The workstation as in claim 5 further comprising 
means for calculating statistical data from said records 
and fields for said manufactured fiber optic couplers. 

7. The workstation as in claim 1 wherein said control 
means is physically separated from said operations area. 



60 



19. The method as in claim 11 wherein said heating 
step comprises using a torch connected to a gas supply 
and said method further comprises detecting a gas con- 
centration over a predetermined amount 

20. The method as in claim 19 further comprises turn- 
ing ofiFsaid gas supply responsive to said detecting step. 



65 
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Brief Summary Text - BSTX (9) : 

In a second, known dispersion compensation technique a negative 
dispersion 

optical fibre is employed to compensate either at the transmission end, 
or at 

the receiver end of the optical link for the positive dispersion 
suffered by 

optical signals propagating along the transmission optical fibre. When 
optical 

signals at 1.55 .mu.m are transmitted along a transmission optical 
fibre having 

a dispersion zero at 1.31 .mu.m, the signals will suffer positive 
dispersion 

i.e. the sign of the differential of their group delay with wavelength, 
will be 

positive, and will typically be of the order of 17 ps/km/nm. Single 
mode 

optical fibre can be specifically designed to have a large negative 
chromatic 

dispersion, by choosing the waveguide parameters to give large negative 
waveguide dispersion, for example a fibre having a core of small 
diameter and 

high refractive index will have negative waveguide dispersion. Such a 
scheme 

was employed by Izadpanah et al in "Dispersion Compensation In 1310 nm 
Optimised SMFs Using Optical Equaliser Fibre, EDFAs And 1310/1550 nm 
WDM" 

Electronics Letters, 16 Jul. 1992, volume 28, no. 15, page 1469. 
Izadpanah et 

al employed a specially designed negative dispersion fibre having a 
dispersion 

of -45 ps/km/nm. The length of negative dispersion fibre required was 
approximately one third of the length of the transmission link over 
which 

dispersion was being compensated. Such large lengths of additional 
fibre are 

clearly inconvenient and expensive. Furthermore due to the high level 
of 

doping used in the core, and the small core size this fibre had a 
relatively 

high loss, so that amplification of the optical signal is essential, 
even if 

the bit rate of the system is not increased. 
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Claims Text - CLTX (23) : 

17. An optical communications system as claimed in claim 16, 
wherein said 

semiconductor device Is a distributed feedback laser. 
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[57] 



ABSTRACT 



A method of compensating for dispersion in an optical 
communications system includes the steps of: positioning a 
semiconductor optical amplifier between a first and a second 
length of optical fibre, launching optical signals into the first 
length of optical fibre, directing optical signals emerging 
from the first length of optical fibre into the semiconductor 
optical ampHfier, supplying optical pump radiation to the 
semiconductor optical amplifier so that the optidcal signals 
and the pump radiation interact within the semiconductor 
optical amplifier and generate the phase conjugate of the 
optical signals, and launching the phase conjugate optical 
signals into the second length of optical fibre. 

20 Claims, 11 Drawing Sheets 
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DISPERSION COMPENSATION IN AN 
OPTICAL COMMUNICATIONS SYSTEM 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to methods and apparatus 
for compensating for dispersion in optical communications 
systems, and in particular to methods and apparatus employ- 
ing optical phase conjugation. 

2. Related Art 

In order to have a high transmission capacity, an optical 
communications system must have low dispersion, this 
means that pulses of light travelling along the waveguide, 
generally an optical fibre, of the optical communications 
system should not suffer significant distortion. This distor- 
tion may arise from a number of sources. If the optical 
communications system employs multi-mode fibre, each of 
the different modes will have a different group velocity, thus 
modulated signals, i.e. pulses of light passing down the 
multi-mode optical fibre, which are made up of a number of 
different modes of the waveguide will experience a different 
group delay from each of their modes. This causes a pulse 
formed from more than one mode to spread out as it 
propagates, and is called intermodal dispersion. Once con- 
secutive pulses have spread out so that they are no longer 
distinguishable, one firom the other, the information trans- 
mission hmit of the optical communications system has been 
reached. This limit is expressed as a bandwidth distance 
product since it will be reached at a higher bit rate for a 
shorter optical communications link. Intermodal dispersion 
between the modes of multi-mode fibres is one of the 
reasons why modem optical communications systems have 
moved to the use of single mode optical fibre which, since 
it only supports one optical mode, does not suffer from 
intermodal dispersion. 

However single mode optical communications systems do 
suffer from pulse spreading due to the small, but finite 
bandwidth of the optical source employed. This type of 
pulse spreading is called chromatic dispersion, and is due to 
two effects. Firstly, material dispersion is present because 
the refractive index of a dispersive medium, such as silica 
from which optical fibres are typically made, depends on 
wavelength. Secondly, waveguide dispersion, since the 
propagation characteristics of the single mode supported by 
a single mode fibre also depend on wavelength. Since the 
material dispersion of silica is positive at most wavelengths 
of interest for optical communications systems, and the 
waveguide dispersion for single mode fibres is negative, 
these two effects can be carefully balanced in a well 
designed optical fibre so as to Vive zero total, chromatic 
dispersion at the operating wavelength of the optical com- 
munications system. 

The vast majority of optical communications systems 
which have been installed worldwide contain single mode 
optical fibre which has been designed for use in the 13 jum 
low loss window, and as such has low chromatic dispersion 
at this wavelength. In recent years the rapid development of 
erbium doped fibre amplifiers (EDFA) has meant that fibre 
loss, and thus the power budget of optical communications 
systems, is no longer the fundamental limit to achievable 
transmission distance. However these EDFAs are only oper- 
able in the 1.55 //m optical transmission window so that if 
existing optical communication links are to be upgraded, for 
example to operate at higher bit rates, these systems must 
operate in the 1.55 /im window, over optical fibre designed 
for use at 1.3 /on. Thus the fundamental bandwidth distance 
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product transmission limit when upgrading an existing opti- 
cal communications system is that imposed by dispersion. 
Furthermore, even for systems having fibre designed for use 
at 1.55 ^m, as very high bit rates are approached, unless very 
5 narrow linewidth, externally modulated lasers are employed, 
dispersion again is the fundamental limit to transmission 
capacity. 

A number of methods of compensating for dispersion are 
known. In one such technique the optical signal, at the 

10 transmitter end of the optical communications system, is 
deliberately distorted before being launched into the optical 
fibre. The distortion imposed upon the optical signal must be 
calculated so as to be compensated by the dispersion that the 
optical signal subsequently suffers during propagation along 

15 the optimal fibre. An example of such a technique is that 
disclose& by Koch and Alfemess in "Dispersion Compen- 
sation By Active Predistorted Signals Synthesis" Journal of 
Lightwave Technology, volume LT-3, no. 4, August 1985. In 
order to successfully apply these techniques the transmission 

20 characteristics of the particular optical fibre employed, and 
the length of the transmission link need to be known so that 
the predistorted signal can be correctly synthenised. Gener- 
ally the optical source employed in these systems needs to 
be sophisticated, and thus complex, so at to allow indepen- 

25 dent control of the amplitude and frequency of the optical 
signal. The problems inherent in predistortion dispersion 
compensation systems are considerably exacerbated for 
higher bit rate systems, where indeed dispersion compensa- 
tion is of greatest importance. 

30 In a second, known dispersion compensation technique a 
negative dispersion optical fibre is employed to compensate 
either at the transmission end, or at the receiver end of the 
optical link for the positive dispersion suffered by optical 
signals propagating along the transmission optical fibre. 

35 When optical signals at 1.55 //m are transmitted along a 
transmission optical fibre having a dispersion zero at 1.31 
//m, the signals will suffer positive dispersion i.e. the sign of 
the differential of their group delay with wavelength, will be 
positive, and will typically be of the order of 17 ps/km/nm. 

40 Single mode optical fibre can be specifically designed to 
have a large negative chromatic dispersion, by choosing the 
waveguide parameters to give large negative waveguide 
dispersion, for example a fibre having a core of small 
diameter and high refractive index will have negative 

45 waveguide dispersion. Such a scheme was employed by 
Izadpanah et al in "Dispersion Compensation In 1310 nm 
Optimised SMFs Using Optical Equaliser Fibre, EDFAs 
And 1310/1550 nm WDM" Electronics Letters, 16 Jul. 
1992, volume 28, no. 15, page 1469. Izadpanah et al 

50 employed a specially designed negative dispersion fibre 
having a dispersion of -45 ps/km/nm. The length of negative 
dispersion fibre required was approximately one third of the 
length of the transmission link over which dispersion was 
being compensated. Such large lengths of additional fibre 

55 are clearly inconvenient and expensive. Furthermore due to 
the high level of doping used in the core, and the small core 
size this fibre had a relatively high loss, so that amplification 
of the optical signal is essential, even if the bit rate of the 
system is not increased. 

60 A third form of dispersion compensation has been theo- 
retically proposed by Yariv et al in "Compensation For 
Channel Dispersion By Non- linear Optical Phase Conjuga- 
tion" Optics Letters, volume 4, no. 2, February 1979. Yariv 
et al proposed that by generating an optical phase conjugate 

65 replica of the optical signal after it has passed through one 
half of the optical transmission fink, and launching this 
phase conjugate replica into the second half of the optical 
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transmission link, the effects of the dispersion suffered by iii) directing optical signals emerging from the first length 

the optical signal in the first half of the link will be reversed of optical fibre into the semiconductor optical amplifier, 

and the optical signal will be restored to its original shape. iv) supplying optical pump radiation to the semiconductor 

This technique relies on the time inversion of the group optical amplifier so that the optical signals and the 

velocity dispersion of the optical signal caused by phase 5 pump radiation within the semiconductor optical 

conjugation, and thus requires that the dispersion in the amplifier generate the phase conjugate of the optical 

second half of the optical transmission link is the same as the signals, and 

dispersion in the first half, it it is to be fully compensated for. v) launching the phase conjugate optical signals into the 

Yariv's proposal has been implemented in an optical second length of optical fibre, 

communications system by employing non-degenerate fom- 10 The method of the present invention thus overcomes the 

wave mixing (NDFWM) in dispersion shifted fibre (DSF) to disadvantages inherent in using DSF to provide optical 

provide the necessary optical phase conjugation. In this case phase conjugation, by employing a semiconductor optical 

the phase conjugate optical signals travel in the same amplifier. These devices are of a short length, of order one 

direction as the copropagating pump light and original hundred microns, so that phase matching between the pump 

optical signal. This technique has been demonstrated by 15 radiation and the optical signal is easily achieved. Since 

Watanabe et al in "Compensation Of Chromatic Dispersion semiconductor optical amplifiers have gain, the efficiency of 

In A Single Mode Fibre BY Optical Phase Conjugation" the optical phase conjugation process is far higher than for 

IEEE Photonics Technology Letters, volume 5, no, 1, Janu- passive DSPs. 

ary 1993 and by Jopson et al in "Compensation Of Fibre The applicants have surprisingly found the method of the 
Chromatic Dispersion By Spectral Inversion" Electronics 20 present invention successful in compensation for dispersion 
Letters, 1 Apr. 1993, volume 29, no. 7. In both cases long in optical communications systems, despite the fact that 
lengths, over 20 km, of carefully designed DSF were there is substantially no cavity enhancement of the optical 
required. A DSF is a fibre which has been designed to have phase conjugation in a semiconductor optical amplifier. The 
zero dispersion in the 1.55 /rai telecommunications window, theoretical suggestion by Murata et al leads the skilled man 
i.e. its dispersion zero has been shifted from 1.3 to 25 to expect that substantial cavity enhancement of the four 
around 1.55 ^ra. In addition to this requirement, Watanabe wave mixing process by a resonant structure, for example a 
and Jopson furthermore needed to arrange for the wave- Fabry-Perot laser, is essential to the achievement of suffi- 
length of the pump light required for NDFWM in the DSF cient optical phase conjugation efiBciency. The applicants 
to be the same as the zero dispersion wavelength of the DSF, have discovered, not only that this is not the case, but that 
in order to achieve sufficient phase matching between the 30 there are significant advantages in employing a semicon- 
pump and the optical signals. This requirement for phase ductor optical amplifier rather than a semiconductor laser, 
matching over the 20 km of the DSF is severe, and means When a significant degree of cavity, or resonance, enhance- 
that the wavelength of the pump light must be carefully ment is employed the pump and optical signal must both be 
controlled e.g. over 20 km with a pump and signal separation accurately controlled in wavelength so that they are coinci- 
of 2 Dm the pump wavelength must be within approximately 35 dent with one of the cavity modes, thus requiring accurate 
1 nm of the dispersion zero wavelength. Furthermore this wavelength control over these signals. The pump radiation 
requirement becomes more severe as the length of the DSF wavelength in particular must coincide with that of one of 
increases, and rapidly more severe as the wavelength sepa- the cavity modes of the Fabry-Perot laser to injection lock it, 
ration of the pump and signal is increased. The efficiency of and these modes typically have an injection locking band- 
conversion of the optical signal to its phase conjugate replica 40 width of only a few GHz. Furthermore the use of resonance 
achieved by both Watanabe and Jopson is low, appro xi- enhancement inherently places a limitation on the modula- 
mately -25 dB in both cases. Thus the phase conjugate tion bandwidth that can be imposed on the optical signal, 
signal to be launched into the second half of the optical This is because if the bandwidth of the optical signal begins 
transmission link is at a very low level. to approach the bandwidth of the cavity resonance, the 

It has been suggested by Murata et al in "THz Optical 45 cavity resonance will act as a spectral filter to the optical 

Frequency Conversion Of 1 Gb/s Signals Using Highly signal, causing distortion of the modulation pattern of the 

Non-degenerate Four Wave Mixing In An InGaAsP Semi- optical signal. This effect will become more severe as the 

conductor Laser" IEEE Transactions Photonics Technology modulation bandwidth of the optical signal increases, and 

Letters, volume 3, no. 11, November 1991, that Yariv's particularly far more severe if the optical signals are not 

phase conjugation technique for dispersion compensation 50 transfonn-limited, for example if the transmitter has signifi- 

could be implemented by employing a semiconductor cant line width or suffers from chirp. A further disadvantage, 

Fabry-Perot laser as the phase conjugating device. This inherent to all resonant devices, is their instability under 

suggestion has not, however been demonstrated. temperature variations or mechanical vibration. 

Another known technique for dispersion compensation is Preferably a semiconductor optical amplifier employed in 

described in "Chirping Compensation Using a Two-Section 55 the method of the present invention has a variation in gain 

Semiconductor Laser Amplifier' —Journal of Lightwave with wavelength, caused by facet reflections, of less than 5 

Technology, vol. 10, no. 9, September 1992, pages dB i.e. the amplitude of the so called "gain ripple" is less 

1247-1254. than 5 dB, The Applicants have determined that semicon- 

ci jxMXM A r> V rxr: titc ivr^/cKmrvKr ductor Optical amplifiers having a gain ripple less than 5 dBs 

SUMMARY OF THE INVENTION ^^^^^ substantially from the disadvantages of cavity 

The present invention provides a method of compensating enhancement, for example the optical signal bandwidth 

for dispersion in an optical communications system, the restriction discussed above. As will be described hereinafter 

method comprising the steps of such semiconductor optical amplifiers do, however, benefit 

i) positioning a semiconductor optical amplifier between to a small degree from some cavity enhancement. 

a first and a second length of optical fibre, 65 Preferably the semiconductor optical amplifier employed 

ii) launching optical signals into the first length of optical in the present invention has facet reflectivities of less than 
fibre, 10"^. This effeaively ensures that, for single pass gains of up 
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to 20 dB, the semiconductor optical amplifier is a travelling and an output to the second optical fibre, wherein, in use, the 

wave amplifier, having no cavity enhancement. semiconductor optical amplifier receives the pump radiation 

Preferably the wavelength of the optical signal and the and the optical signals, after said signals have propagated 

wavelength of the pump radiation are separated by at least through the first optical fibre, and generates phase conjugate 

1 nm. This ensures that the four wave mixing undergone by 5 repficas of the optical signals, which replicas are launched 

the optical signals and the pump radiation is highly non- into the second optical fibre. 

degenerate. This is desirable since highly non-degenerate According to a third aspect of the present invention a 

FWM (NDFWM) is based on an ultra-fast intraband optical semiconductor optical amplifier is used to provide phase 

non-linear gain process which has a very short response conjugation of optical signals in an optical communication 

lime, less than 1 ps, and thus allows the present wavelength lo link and thereby to substantially compensate for dispersion 

dispersion compensation technique to be applicable to opti- suffered by the optical signals during propagation along the 

cal communications systems operating at bit rates up to tera optical communications link. 

bits per second. . . BRIEF DESCRIPTION OF THE DRAWINGS 

Advantageously the gam of the semiconductor optical 

amplifier is saturated by the pump radiation. The applicants 15 Embodiments of the present invention will now be 

have surprisingly discovered that operating the semiconduc- described, by way of example only, with reference to the 

tor optical amphfier under saturation increases the ratio of accompanying figures, in which 

the phase conjugated signal lo the background spontaneous FIG. l{a) shows the output spectrum of a 500 Fabry- 

emission. * Perot laser with the laser free-running, with 64 mA injection 

In addition, or alternatively, the semiconductor optical 20 current, FIG. 1(b) shows the injection-locked spectrum of 

amplifier is advantageously operated with a high injection the same laser with -6,7 dBra light coupled into the device 

current. Although both the level of the phase conjugated from an LEG laser operating at 1.557249 ;/m; 

optical signals, and the background spontaneous emission FIGS. 2(a) and 2(b) show non-degenerate four-wave 

increase with increasing injection current, it has been found mixing in an injection locked Fabry-Perot laser around the 

that the rate of increase in the level of the phase conjugated 25 5th resonance, (a) shows the spectrum off-resonance, with 

optical signal is greater than that of the background spon- the probe laser wavelength between two FP modes, (b) 

taneous emission, so that the signal to background ratio may shows the spectrum on resonance, with the probe laser 

be increased by increasing the injection current. wavelength tuned to the peak of the FP resonance; 

Although the optical pump radiation may be supphed to FIGS. 3(a) and 3(fc) show non-degenerate four-wave 

the semiconductor optical amplifier via the first length of 30 mixing in an injection locked Fabry-Perot laser around the 

optical fibre, advantageously the optical pump radiation is 14th resonance, (a) shows the spectrum off-resonance, (b) 

supplied lo the semiconductor optical amplifier from an shows the spectrum on resonance; 

optical pump source co-located with the semiconductor FIGS. 4(a) and 4(b) show resonance profiles for (a) the 

optical amplifier. This arrangement ensures that the optical NDFWM conjugate signal, and (b) the probe laser signal, in 

pump radiation does not suffer, for example from Brillouin 35 an injection-locked Fabry-Perot laser; 

scattering in the first optical fibre. pjQ 5 shows facet output powers, from a FP laser, of the 

Advantageously, the optical pump radiation supplied to pu^p^ p^be ^nd NDFWM conjugate signals (to short and 

the semiconduaor optical amplifier is generated within the lojjg wavelengths) at the peak of each resonance, as a 

semiconductor optical amplifier. This may be achieved, for function of the pump probe detuning; 

example, if both the semiconductor optical amplifier and the 40 pj^^ g^^j ^^^j ^^^^ resonance lineshapes for a FP 

optical pump source are comprised by a semiconductor ^^^^^ ^^^^^ ^^^^^ NDFWM conjugate signal 

device having wavelength selective feedback means, for ^^^^^^ wavelength) for (a) the 5th and (b) the 14lh resonance 

example a distributed feedback (DFB) laser, or a distributed ^^^y ^^^^ pp resonance at which the pump is injected. 

Bragg reflector laser. In this case the pump radiation for four abscissae showing the pump-probe detuning frequen- 
wave mixing, rather than being supplied to the semiconduc- 45 

tor optical amplifier from an optical pump source dfetinct pj^ ^ ^^^^^ theoretical variation of the resonance 

from the semiconductor optical amphfier, IS generated by the the bandwidth of cavity-enhanced 

interaction of the wavelength selective feedback means with islDFWM with gain ripple- 

the gain medium of the semiconductor optical amplifier. t-t^o o i u • .1 . f 

nn- ■ «u' -1 • ^ Z^. A^.,:Z rn FIGS. SSa show the experimental arrangement for an 

Thus, in this case, a single semiconductor device, for 50 . . * »u ■ *■ 

1 T^T7r» 1 * u«*i, « «p embodiment of the invention; 

example a DFB laser, acts as both a source of narrow „^ ^ , . . j- ^ l 0 

linewidth pump radiation, and the non-linear medium in FIG. 8(a) shows an alternate embodiment of the FIG, 8 

which four wave mixing occurs. Hence only the optical arrangement; 

signals are injected into the single semiconductor device, FIG. 9 shows optical spectra measured at the output of the 

and the phase conjugated optical signals are extracted from 55 SOA shown in FIG, 8, (a) with the DFB signal, and (b) 

the semiconductor device. Preferably the wavelength selec- without Ihe DFB signal (offset by -10 dB); 

live feedback means provide strong optical feedback only at FIGS. 10(a)-10(c) show eye diagrams for the arrange- 

the pump wavelength, so as to avoid causing spectral ment ofFIG. 8 for (a) the back-to-back arrangement, (b) 100 

filtering of the optical signals, or the phase conjugate optical km transmission without dispersion compensation, and (c) 

signals. 60 100 km transmission with dispersion compensation 

According to a second aspect of the present invention (measurements were made using a 2.5 Gbit/s optical 

there is provided an optical communications system com- receiver, with -26 dBm received power); 

prising a transmission path including a first optical fibre and FIG. 11 shows bit error rate curves for the back-to-back 

a second optical fibre, an optical signal source fox launching arrangement, 100 km transmission without dispersion 

optical signals into the first optical fibre, an optical pump 65 compensation, and 100 km transmission with dispersion 

source for generating pump radiation, and a semiconductor compensation 2.488 Gbit/s (2^^-l) NRZ pseudo-random 

optical amplifier having an input from the first optical fibre sequence; 
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FIG. 12 shows the power of the phase conjugate signal much more rapid drop in optical power. The absolute power 

and signal-to-background ratio as a function of the chip gain level of the conjugate beam is at least an order of magnimde 

of a travelling wave amplifier (TWA); and higher than measured in similar experiments on travelling 

FIG. 13 shows phase conjugate power and signal-to- wave amplifiers for similar input powers. In fact, for detun- 

background ratio as a function of the total fibre input power 5 ings up to -0.6 THz (4.8 nm) the power of the conjugate 

(pump+signal). (The curve is a guide to the eye). beam at the output facet is higher than the injected power in 

the probe beam. 

DETAILED DESCRIPTION OF EXEMPLARY jhe solid line shows the theoretically predicted NDFWM 

EMBODIMENTS gain (arbitrary scale) given by: 

The applicants have carried out experiments, and a theo- ^ 
retical analysis, to determine the effect of cavity enhance- i p^j{p + p,^ cM, I 
ment on NDFWM. These experiments and analysis will first ^nm(a>)a| — — + i-oazin I 
be described, followed by a description of an optical com- 
munications system according to an embodiment of the where P^, is the gain saturation power of the amplifier and 
present invention P is the total optical power, eNL is the non-linear gain 

A number of experiments have been carried out with Parameter, (o is the pump-probe detuning, xR and are the 

Fabry.Perot lasers i.e. devices having very high levels of characteristic times of the physical processes giving rise to 

cavity enhancement, by injecting two signals, a pump and a ^^^^^ ^^^f earner density population pulsations 

probe into these lasers, and tuning the wavelength of the f.^^ non-linear gam. xR is the effective recombmation hfe- 

pump and the probe across the Fabry-Perot (FP) resonances '° ^^^^ (mcludmg stimulated emission), and is the mtraband 

of the lasers. FIG. la shows the output spectrum from a 500 ^^^^^^^lon time. The theoretica curve shown gave a good fit 

^ Fabry-Perot laser, having 16 multiple quantum wells ^ the expenmental data for a 16-well stramed layer travel- 

OVIQW), when the laser is free running, with 64 mA injec amphfier under simihr expermicntal condiUons. 

tion current. It can be seen from this figure that the output ^^h parameters, xR=0^08 ns and x^=0.5 ps. The curv^gives 

on resonance is some 30 dBs greater thai^ off resonances. ^ reasonable fit to the data for detumngs up to 0.9 THz, the 

FIG. lb shows the output spectrum from the same Fabry- relatively slow decay (-10 dB/decade) arismg from the 

Perot laser following injection locking with -6.7 dBmUght ^^^f^^!^^" f^'.' ^"^^^ 9^^ dB/decade) of he 

from the tunable pump source. ^D^^ due to population pulsations (o)»l/xR), and the 

^..^ , , tj...Lr-L almost constant level of NDFWM from non-linear gain 

Light from the probe source was coupled into the Fabry- 3q /(y<2/xR) 

Perot laser maintaining the input power constant at -13.6 J^.^ ^ ^^^^^ frequencies 

dBm (coupled-m power). With the wavelength of the pump ^^^^^ ^ ^^^ ^ ^^^^ broadening of 

maintained at 1,557249 the wavelength of the probe was resonance resulting from reduced modal gain, and (2) the 

tuned through the FP re«)nances of the pump to longer dispersion of the mode index, resulting in a varying FP mode 

wavelengths, with up to 9.7 mn (1.19 'niz)detunmg between 35 ^ enhancement in the conjugate beam 

the^o inputs^Output spectra with two inputs are shown in /^^,,%,^H3 ^he coincidence of both the probe and 

FIGS. 2{a) & 2(6 ) (for ~3 nm 370 GHz de unmg between I ^^^^^ ^.^^ ^ resonances, the latter effect results 

the pump and probe and in FIGS. 3(a) & 3(6) (for -9 nm, ^^^^^ resonance simultaneously. 

1.1 THz detumng); m both cases FIG. (a) shows the spec- ^^^^^ dominant, since effect (1) would 

tr^m off resonance and (b) the spectrum on res^ance. The ^ ^^^^j^ ^ ^^^^^.^^ ^^^^ ^ 

effect of the cavity FP resonances on the NDFWM is, ^ ^ ^^.^^ ^^^^^^^ 

qualitatively, very clear: when the wavelength of the probe ^^^^^ ^ ^^^^ enhancement in NDFWM effi- 

hes m between two FP resonances off resonance) no ^^^^ resonances, the results 

conjugate signalscould be observed, but tunmg the probe to ^^^^^^^^ ^ the previous section will be compared with 

the peak of the FP resonance causes a dramatic increase m 45 ^^^^^^ travelling wave ampUfiers (TWAs) and DFB* 

the conjugate beam power. j^^^^^ ^ p^^p ^ ^^^^^ ^^^^ 

The optical power m the NDFWM conjugate beam (to injected into a device which had been anti- re flection coated 

shorter wavelengths) and the probe laser outputs are shown ^^^^ ^^^^^^ SO.2%; the devices gave high single-peas 

in FIGS. 4(fl) & 4(b\ respectively, as a function of the ^^20 dB) with <2 dB residual Fabry-Perot ripple. For 

pump-probe detuning. The powers were determined from 50 the DFB, a single probe input was injected into the device, 

the measured spectra, but the system was calibrated to obtain ^^ich was operated weU above threshold, emitting >10 mW 

actual facet powers. Both the conjugate and probe beams power. 

show resonances, corresponding to each of the 14 FP ^ ^ necessary, however, to compare the results in a way 

resonances, with narrow linewidth. Though the peak-to- which removes the dependence on experimental details, e.g. 

trough ratios for the probe beam resonances are approxi- 55 ^^^^^ powers and single-pass gain. Since the power in the 

mately equal to those of the residual FP modes of the FP conjugate beam is, in general, described by the relation 

laser spectrum, the magnitude of the conjugate beam reso- P^^aP/P^, where P^, P2, P^^vf are the optical powers of 

nances correspond to the square of these amplitudes. p^mp^ probe and FWM conjugate beams, coefficients 

The optical powers of the pump, probe and NDFWM 7^^^ and ti,.„ are defined for the purposes of comparison in 

conjugate beams (to both longer and shorter wavelengths) at 60 the following way: 
the peak of the resonances is shown in FIG. 5. The most 
important feature of the figure is the roll-off of the power of 

the short wavelength conjugate beam. For detunings of up to ^rwAr «*/^t«/*(Pr ^, (2) 

0.9 THz (7.2 nm) the conjugate beam strength decreases at p^^^ fPr ■ (3) 

the rate of approximately 10 dB/decade. Above 0.9 THz (7.2 65 « .« 

nm) the conjugate beam strength decreases at the rate of where the subscripts 'out' and * in' denote whether the power 

approximately 100 db/decade. Above 0.9 THz there is a is the output facet power or the coupled-in input power. 
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y]i„ indicates the basic efiBciency of a device for phase 
conjugation, through this will depend on the single-pass gain 
at which the device is operated, t)^^ gives a better indication 
of the intrinsic efficiency of each type of device, since this 
removes the dependence on single-pass gain, and therefore 
will more clearly show the e£fect of FP cavity resonances. 
Table 1 shows the values of y]^^ and r|^^ for 1 THz 
pump-probe detuning, for five measurements. Devices num- 
bered 1, 2 and 3 are two facet anti- reflection coated 
amplifiers, device 4 is a DFB lasers and device 5 is a 
Fabry-Perol laser. (In all the measurements, the weaker 
probe beam was to longer wavelength of the pump beam). 



Coupled Input 

Powers (Tlcnn/mW^) (liio/mW^) 



Type PI (dBm) P2 (dBm) (dB) (dB) 



1 


2FC Amplifier 


-4.5 


-9.2 


-62.2 


-14.2 


2 


2FC Amplifier 


-6.1 


-10.1 


-56.6 


-2.6 


3 


2FC Amplifier 


-7.7 


-12.2 


-56.1 


-2.1 


4 


3-Scction DFB 


-9.3 




-60.7 




5 


Uncoated, 
Injection- 
Locked 


-6.7 




-30.7 


+7.7 



The most remarkable feature of the table is that, while the 
values of r|^„, for the TWA and DFB measurements are 
relatively uniform, the value for the FP device at resonance 
is -30 dB greater. This indicates that the effect of the FP 
cavity is to give roughly three orders of magnitude enhance- 
ment in the NDFWM efficiency. There is considerably less 
difference in the values of r|,„ owing to the much lower gain 
in the F-P device, though as expected, there is less unifor- 
mity for the TWA and DFB results. 

The results shown in FIG. 4 reveal that the resonance 
enhancement in the NDFWM occurs over a narrow 
bandwidth, and this imposes a severe limitation on the use 
of the effect, both with regard to the maximum bit rales and 
to the ease of use. The output intensities of the pump, probe 
and conjugate beam (short wavelength) for a small range of 
detunings around the resonance are shown in FIG. 6 for (a) 
the 5th resonance and (b) the 14th resonance. The experi- 
mental points for the probe and conjugate beams are fitted 
using the following Airy-like functions: 

V/^.o {U -RGf^A RGsin\6kL)}-' (4) 

where RG=V(RiR2).exp(gL) and Ri,R2 are the facet 
reflectivities, g is the single-pass gain and L is the device 
length. Ak is the wavevector detuning from the FP 
resonance, and Ak.L=jr(A£/Af^jy^ where Af is the frequency 
detuning and Af^^ is the free spectral range of the FP 
modes. Equations (4) and (5) arc obtained assuming equal, 
uniform modal gain and effective index for probe and 
conjugate beams, and uniform pump power. 

The parameter RG indicates the degree of feedback within 
the Fabry -Perot cavity, and in particular the magnitude of the 
gain ripple (i.e. ratio of the maximum to minimum gain over 
one cavity mode) in the amplifier is given by 

eain Ripple = 

(1 -RCy 

In both figures, the probe and conjugate beam resonance 
lineshapes were fitted using the same value of RG (the only 
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variable parameter, apart from the peak intensity), and the 
measured value of 82.4 GHz was used for Af^r^j?. The 
full-width at half maximum intensity (FWHM) for the probe 
and conjugate signals was found to be 4.3 GHz and 2.8 GHz 
5 respectively for the 5th resonance; the resonance bandwidth 
for the 14th resonance was substantially broader, with 
FWHM values of 8.2 GHz and 5.2 GHz for the probe and 
conjugate signals respectively. For the 14th resonance, there 
is also significant difference of 4-5 GHz in the resonance 
peak positions for the probe and conjugate signals, which 
support the conclusion drawn previously that the modal 
dispersion degrades the cavity enhancement at detunings of 
^1 THz. 

The narrow bandwidth of the resonance enhancement 
clearly places a considerable restriction on the usefulness of 
the effect. Equation (5) shows, however, that there is a 
trade-off between the resonance bandwidth and the magni- 
tude of the enhancement, and FIG. 7 shows the dependence 
of the peak resonance enhancement and of the resonance 
FWHM (as a fraction of Af^^ on the gain ripple. The point 

20 where gain ripple=0 corresponds to the case of a TWA with 
gain g. The figure shows that, in order to obtain a substantial 
enhancement, say>10, the resonance linewidlh would need 
to be less than 0.18 Af^^^ (-15 GHx for a 500 /im device). 
In the present case, Af(FWHM)/Afjr5y^ lies in the range 

25 0.033-0.06, corresponding to a resonance enhancement of 
250-2000, which is consistent with the value of deduced in 
the previous action. 

The experiments described have shown that extremely 
large enhancements in the efficiency of wavelength transla- 

30 tion of NDFWM may be obtained using cavity- 
enhancement. Under the experimental conditions, an 
increase of approximately three orders of magnitude was 
observed in the NDFWM efficiency, for modest pump 
powers, for pump-probe detunings of up to 0.9 THz (9.2 nm) 

35 phase conjugate. 

The usefulness of the effect is, however, limited by the 
following considerations: (1) the bandwidth for injection - 
locking is smaU, typically a few GHz, and therefore requires 
high stability in the pump and mixing devices. In addition, 

40 with two optical inputs, there are regimes in which the 
injection-locking becomes unstable, when the device tries, 
in effect, to look to two signals simultaneously. (2) The 
bandwidth for resonance enhancement is also small. In the 
measurement, this bandwidth was found to be as small as 2.8 

45 GHz (FWHM). There is a trade-off between the resonance 
bandwidth and the enhancement obtained, and it is predicted 
that to obtain a factor of 10 increase in the NDFWM 
efficiency (compared with that for a travelling wave 
amplifier) one would be restricted to a bandwidth of -15 

50 GHz. This not only means that the wavelength of the input 
signal needs to be finely tunable and stable, but that the 
maximum bit rate for signals which are to be phase conju- 
gated is limited to ~15 Gbit/s. 
These problems can be overcome by using a semicon- 

55 ductor optical amplifier (such as a TWA) which has little 
cavity enhancement. The main difficulties then encountered 
lie in obtaining sufficient power and signal-to-background 
ratio in the phase conjugate signal. Since NDFWM is highly 
non-linear, these two quantities are strongly dependent on 

60 the powers of pump and signal beams within the TWA To 
determine the optimum working conditions, these two 
parameters were measured as a function of (a) the gain of the 
TWA, and (b) the optical input power. 

FIG. 12 shows the phase conjugate power (measured at 

65 the output facet) and the signal-to-background ratio 
(measured by optical spectrum analyser with 0.1 nm 
resolution) as a function of the chip gain, for constant input 
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power of +4.8 dBm (total fibre power, pump+signal). The 
phase conjugate power increases as the cube of the gain of 
the TWA, giving up to -16 dBm at high injection currents. 
The signal-to-background ration also increases strongly with 
the gain, but as the square of the gain. At the highest gains, 5 
the ratio is close to 20 dB. The signal-lo-background 
increases less rapidly with the gain than the phase conjugate 
power owing to the linear dependence of the background 
spontaneous emission on the gain. 

The dependence of the phase conjugate power and the lO 
signal-to-background ration on the input power is shown in 
FIG. 13 for constant TWA injection current of 250 mA (the 
ratio between pump and signal input power being hold 
constant). Surprisingly, the phase conjugate power level is 
quite insensitive to the input power. Tliis, however, may be 15 
explained by the small change in the output power of the 
TWA under strong saturation. The input power, however, 
does have a strong effect on the signal-to-background ratio. 
This increases sharply with increasing input power, owing to 
the reduction in background spontaneous emission. This is 20 
an important consideration when attempting to minimise the 
noise introduced in the phase conjugation. 

An embodiment of the present invention will now be 
described in which FWM in a semiconductor optical ampli- 
fier (SOA) is employed to compensate for dispersion in an 25 
optical communications system. With reference to FIG. 8, a 
DFB laser 1 is used as the transmitter, directly modulated 
with a 2.488 Gbit/s pseudo-random NRZ pattern. The 
DFB laser 1 has a wavelength of Xj=1544.7 nm. The bias 
and modulation of the DFP 1 were chosen to give good 30 
extinction ratio but, consequently, large chirp. The signal is 
combined at the transmitter end of the system with CW light 
from a pump laser 2, a long external cavity (LEG) laser 
operating at Kp«» 1543.1 nm. The combined pump and signal 
is transmitted across 50 km normal-dispersion single-mode 35 
fibre 3, with a dispersion of 17 ps/nm. km at the signal 
wavelength. After amplification by an Erbium-doped fibre 
amplifier 4 (EDFA), the light was coupled into an SOA 5. 
The SOA is an etched-mesa buried hetrostructure device 
with an active layer of InGaAsP and both facets anti- 40 
reflection coated to less than 10"^ reflectivity. The SOA is 
operated at high injection cunrent (300 mA), but the gain is 
saturated by the injected light with less than 1 dB residual 
Fabry-Perol ripple. The phase-conjugate signal is generated 
by NDFWM within the SOA, with a wavelength given by 45 
XpcK2Xp~^-^5"0'^'"1541.4 nm. An optical bandpass filter 
6 (1.3 nm bandwidth) follows the SOA and allows only, the 
phase-conjugate signal to be transmitted. This signal is 
amplified by a further EDFA 7 and further filtered by filter 
8 (0.6 nm filter) then transmitted across a second 50 km 50 
length of single-mode fibre 9. The signal is detected using a 
PIN-FET optical receiver 10. 

Spectra at the output of the SOA are shown in FIG. 9, (a) 
with and (b) without the signal beam. With the signal and 
pump both present and with polarisations aligned, the phase- 55 
conjugate signal at 1541.4 nm is generated, with the inverted 
spectral profile of the DFB signal beam. The fibre input 
powers of the pump and signal beams into the SOA are +2.7 
dBm and -4.1 dBm respectively. The background to the 
spectra is from amplified spontaneous emission from both 60 
the EDFA and the SOA and causes a reduction in the 
signal-to-noise ratio. In order to maximise both the signal- 
to-noise ratio and conversion efficiency the SOA is operated 
with high gain and moderately high input optical power. 
Taking into account the coupling loss into and out of the 65 
SOA, the conversion efficiency of the phase conjugation (i.e. 
ratio of the power of the phase conjugate beam at the output 



facet to signal power coupled into the SOA) is +2.4 dB, with 
a phase -conjugate of -5.6 dBm at the output facet of the 
SOA. This conversion efficiency is at least 20 dB greater 
than using DSF, and can be further increased by using a SOA 
with higher output power. 

The effect of the dispersion compensation is clearly seen 
by comparison of the eye diagrams of FIG. 10, where (a), (b) 
and (c) correspond to the back-to-back measurement, and 
100 km transmission without and with dispersion 
compensation, respectively. The figures are all taken from 
the receiver output with -26 dBm received optical power. 
The effects of fibre chromatic dispersion are evident firom 
the distortion of the eye diagram (b), but the clean eye is 
completely recovered by the dispersion compensation (FIG. 
(c)). 

Bit error rate (BER) measurements were performed for 
back-to -back transmission, and 100 km transmission with 
and without dispersion compensation, and the results are 
shown in FIG, U. The back-to-back measurement, with the 
DFB signal directly into the receiver, shows a sensitivity of 
-27.5 dBm. The inclusion of a 0.6 nm bandpass filter results 
in a power penalty of less than 0.1 dB. Transmission of the 
DFB signal over 100 km without compensation (with a 
single EDFA at the transmitter) results in a considerable 
dispersion penalty, and BERs as low as 10"® could not be 
achieved. A similar eye diagram and BER characteristic 
were obtained using the arrangement of FIG. 8, but with the 
filters tuned to transmit the DFB signal. With dispersion 
compensation, a dramatic improvement in the BER charac- 
teristic is seen, with 10"° BER at -25.5 dBm. The 2 dB 
penalty results both from a reduction in extinction ratio and 
the introduction of signal-spontaneous beat noise, both 
arising from the introduction of amplifier spontaneous emis- 
sion. 

Thus chromatic dispersion compensation using optical 
phase conjugation in a semiconductor optical amplifier has 
removed the dispersion penalty in the transmission of a 
directly-modulated 2.5 Gbit/s signal at 1.5 ;^m over 100 km 
of normal dispersion fibre. The efficiency of the phase 
conjugation is high at +2.4 dB, despite the lack of cavity 
enhancement. 

In an alternative embodiment (FIG. S{a)) the SOA 5 is 
provided by a DFB laser having a wavelength of 1543 nm, 
thus allowing the pump laser 2 to be dispensed with. In this 
embodiment the pump radiation at 1543 nm is generated 
within the SOA 5. Again, in order to maximise the efficiency 
of phase conjugation the SOA (in this case a DFB) is 
operated to provide maximum output power, i.e. with a high 
injection current, typicaUy more than 10 times the threshold 
current. Furthermore the average power of the optical signal 
injected into the SOA 5 is limited to a level such that the 
degree of gain modulation caused in the SOA is small, 
typically less than 1 dB. 

We claim: 

1. A method of compensating for dispersion in an optical 
communications system, the method comprising the steps of 

i) positioning a semiconductor optical amplifier between 
a first and a second length of optical fibre, 

ii) launching optical signals into the first length of optical 
fibre, 

iii) directing optical signals emerging from the first length 
of optical fibre into the semiconductor optical amplifier, 

iv) supplying optical pump radiation to the semiconductor 
optical amplifier so that the optical signals and the 
pump radiation interact within the semiconductor opti- 
cal amplifier and generate the phase conjugate of the 
optical signals, and 
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v) launching the phase conjugate optical signals into the 
second length of optical fibre. 

2. A method as claimed in claim 1, wherein the variation 
in gain ripple of the semiconductor optical amplifier with 
wavelength is less than 5 dB. 5 

3. A method as claimed in claim 1, wherein the reflectivity 
of the facets of the semiconductor optical amplifier is less 
than lCr^ 

4. A method as claimed in claim 1, wherein the wave- 
length of the optical signals and the wavelength of the pump lO 
radiation differ by at least 1 nm. 

5. A method as claimed in claim 1, wherein the wave- 
length of the optical signals and the wavelength of the pump 
radiation differ by less than 20 nm. 

6. A method as claimed in claim 1, wherein the gain of the 15 
semiconductor optical amplifier is saturated by the pump 
radiation. 

7. A method as claimed in claim 1, wherein the semicon- 
ductor optical amplifier is operated with a high injection 
current density. 20 

8. A method as claimed in claim 7, wherein the semicon- 
ductor optical amplifier is operated with an injection current 
density of more than 5 kA/cm^. 

9. A method as claimed in claim 7, wherein the semicon- 
ductor optical amplifier is operated with an injection current 25 
density of more than 10 kA/cm^. 

10. A method as claimed in claim 1, wherein the optical 
pump radiation supplied to the semiconductor optical ampli- 
fier is generated within the semiconductor optical amplifier. 

11. A method as claimed in claim 1, wherein the first and 30 
second lengths of optical fibre have similar levels of dis- 
persion at the operating wavelength of the optical commu- 
nications system. 

12. A method as claimed in claim 1, wherein the optical 
signals and the pump radiation are arranged to be 35 
co-propagating within the semiconductor optical amplifier. 

13. A method as claimed in claim 1, wherein the optical 
signals and the generated phase conjugate optical signals are 
co-propagating. 

14. A method as claimed in claim 1, wherein in step iv) the 40 
optical pump radiation is supplied to the semiconductor 
optical amplifier from a pump source which is co-located 
with the semiconductor optical amplifier. 

15. An optical communications system comprising: 

a transmission path including a first optical fiber and a 
second optical fiber, an optical signal source for launch- 
ing optical signals into the first optical fiber, an optical 
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pump source for generating pump radiation, and a 
semiconductor optical amplifier having an input from 
the first optical fiber and an output to the second optical 
fiber, wherein, the semiconductor optical amplifier 
receives the pump radiation and the optical signals, 
after said signals have propagated through the first 
optical fiber, and generates phase conjugate replicas of 
the optical signals, which replicas are launched into the 
second optical fiber. 

16. An optical communications system as claimed in 
claim 15, wherein both the semiconductor optical amplifier 
and the optical pump source are comprised by a semicon- 
ductor device having wavelength selective feedback means. 

17. An optical communications system as claimed in 
claim 16, wherein said semiconductor device Is a distributed 
feedback laser. 

18. An optical communication system as claimed in claim 
15, further comprising an optical filter for filtering the 
remnant optical signals and pump radiation from the output 
of the semiconductor optical amplifier before it is launched 
into the second optical fibre. 

19. An optical communications system, comprising: 
a first length of optical fiber; 

a second length of optical fiber; 

a semiconductor optical ampHfier disposed between said 
first and second optical fibers and operatively connect- 
ing said first optical fiber to said second optical fiber; 

an optical pump source providing pump radiation to said 
semiconductor optical amplifier; and 

an optical signal source launching optical signals into said 
first optical fiber; 

wherein said semiconductor optical ampHfier receives 
said optical signals from said first optical fiber and 
pump radiation from said optical pump source to gen- 
erate a phase conjugate of the optical signals, said 
semiconductor optical amplifier further launching said 
phase conjugate into said second optical fiber. 

20. The optical communications system of claim 19, 
further comprising: 

an optical filter for filtering unwanted optical signals and 
pump radiation from an output of said semiconductor 
optical amplifier before launching of said phase con- 
jugate into said second optical fiber. 
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METHOD AND SYSTEM FOR REMOVAL OF 
LOW ORDER OPTICAL TRANSMISSION 
MODES TO IMPROVE MODAL 
BANDWIDTH IN A MULTIMODE OPTICAL 
FIBER COMPUTER NETWORK 

This application is a continuation of U.S. patent appli- 
cation Sen No. 09/082,767 filed on May 21, 1998, and now 
U.S. Pat. No. 6,154,589. 

BACKGROUND OF THE INVENTION 

Historically, local area computer networks (LANs) using 
optical data links have relied on light emitting diode (LED) 
sources launching into multimode optical fibers. The EIA/ 
TIA and lEC Building Wiring Standards (TIA 568A) specify 
the use of 62.5/125 micron multimode optical fiber for 
intra-building wiring. These standards have resiilted in the 
large-scale deployment of multimode optical fiber in exist- 
ing computer networks. 

In prior communication application technologies, these 
data transmission platforms have provided adequate band- 
width. Asynchronous transfer mode (ATM) computer net- 
works can support data transmission rates as high as 622 
megabits/sec (MBPS), but LED rise times, the chromatic 
dispersion associated with the relatively wide bandwidth of 
light produced by the LEDs, and multiple fiber transmission 
modes impose an upper cap on the potential data rates. Thus, 
LED/multimode fiber systems are generally limited to sub- 
gigabit/second (GBPS) data rates. 

Newer computer applications requiring higher band- 
widths and the increasing number of users that must be 
serviced by individual networks have led the push to provide 
GBPS performance, and better. In order to attain this per- 
formance in the context of existing optical data links, the 
LED light sources have been replaced with single mode 
sources such as vertical cavity surface emitting lasers 
(VCSEL) and Fabry-Perot lasers. These devices can produce 
the necessary rise times and have the narrow spectral widths 
required for GBPS data transmission speeds. 

Computer network links modified to use single mode laser 
sources, however, many times stiU fail to achieve the data/ 
error rates at GBPS data rates that would be predicted solely 
from the laser source performance. The problem has been 
traced to computer links using multimode optical fiber. In 
many instances, a pulse -splitting phenomena is detected, 
which increases the bit error rates to unacceptably high 
levels at these speeds. 

The obvious solution to this problem is to use single mode 
fiber with the single mode sources. While being viable for 
newly installed computer networks, such a solution is 
impractical for the installed base of multimode fiber net- 
works since running new fibers in and between buildings 
represents a significant expense. 

Other solutions have been proposed to constrain pulse 
splitting in signals from single mode sources that have been 
launched into multimode fibers. In one case, the signal from 
the single mode source is launched into a short-length pigtail 
of single mode fiber. The other end of this fiber is then 
coupled to the existing multimode fiber, offset from the 
multimode fiber core center. 

The problem with the offset single mode-multimode fiber 
coupling solution is the difficulty of implementing it in the 
typical computer network environment The single mode 
fiber must be precisely misaligned to the multimode fiber 
such that the light is still launched into the multimode fiber 
with acceptable efficiency, and this misalignment must be 
maintained in the coupling module across its lifetime. 
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SUMMARY OF THE INVENTION 

According to the present invention, pulse splitting is 
constrained in single mode source/multimode fiber systems 

^ by preventing light from the center of the multimode fiber 
from being transmitted to the detector. When this is 
achieved, the detector is insulated from the effects of any 
pulse splitting, supporting data rates of greater than one 
GBPS by increasing the modal bandwidth. 

10 Id general, according to one aspect, the present invention 
features a method for improving modal bandwidth in an 
optical link, such as in a computer optical network, using a 
multimode optical fiber. The method comprises generating 
an optical signal with a single mode laser source and 

15 coupling the optical signal into the multimode optical fiber. 
The optical signal from a center portion of the optical fiber, 
however, is blocked from reaching a detector of the optical 
signal. 

In one implementation, the source is a Fabry-Perot or 

20 vertical cavity surface emitting laser. 

In specific embodiments, an opaque spot is inserted 
between the laser source and the detector to block the center 
of the optical fiber from transmitting a detectable optical 
signal. As such, the spot is applied to a fiber coupler or the 

25 fiber of the network. Further, the spot may be applied to 
either the entrance or exit apertures of the fiber. In any case, 
the spot should be approximately 4 to 7 microns in diameter. 

Alternatively, a fiber coupler with a dark central core is 
also useful. It can be inserted either at the detector or laser 
source end of the optical fiber, or both. 

According to another aspect, the invention features mul- 
timode optical fiber of the computer network with at least 
one opaque spot for blocking the optical signal from a center 

2j portion of the optical fiber from reaching the detector. 

Finally, according to another aspect, the invention also 
features a fiber coupler with a dark core for blocking the 
optical signal firom a center portion of an installed multi- 
mode optical fiber from reaching a detector. 

40 The above and other features of the present invention, 
including various novel details of construction and combi- 
nations of parts, and other advantages, will now be more 
particularly described with reference to the accompanying 
drawings and pointed out in the claims. It will be understood 

45 that the particular method and device embodying the inven- 
tion are shown by way of illustration and not as a limitation 
of the invention. The principles and features of this inven- 
tion may be employed in various and numerous embodi- 
ments without departing from the scope of the invention. 

50 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the accompanying drawings, like reference characters 
refer to the same parts throughout the different views. The 
drawings are not necessarily to scale, emphasis instead 
being placed upon illustrating the principles of the inven- 
tion. 

FIGS. 1 and 2 are plots of the differential mode delay in 
picoseconds per meter as a function of axial launch position 
for 850 nanometer and 1300 nanometer sources in two 
exemplary multimode fiber samples; 

FIG. 3 is a plot of the index of refraction (n) as a function 
of axial position for an exemplary multimode fiber; 

FIG. 4 shows a pulse function input signal from a 1300 
65 nm single mode Fabry-Perot laser launched into a 610 meter 
long, 62.5 micron, fiber run (horizontal scale is 500 
ps/di vision, and the vertical scale is 10 milli Volts/division); 
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FIG. 5 is a schematic drawing showing embodiments of 
the inventive system for increasing modal bandwidth by 
preventing center mode light from reaching the detector; 

FIG. 6 is a schematic drawing showing other embodi- 
ments of the invention using a fiber coupler; 

FIG. 7 is a schematic drawing showing still other embodi- 
ments of the invention using a dark core fiber coupler; and 

FIGS. SAand 8B are two refractive index profiles for the 
dark core fiber. 

DETAILED DESCRIPTION OF THE 
IlSrVENTION 

The modal bandwidth of graded index multimode optical 
fiber depends directly on the fiber's refractive index profile. 
The profile is designed to compensate for the different paths 
traveled by the numerous optical modes supported by the 
multimode optical fiber. The goal is to eqxialize delays of all 
propagating modes. The propagation time of an optical 
mode through a fiber is proportional to the optical path 
length. Low order modes propagate nearly straight through 
the fiber, traveling a distance close to the fiber's physical 
length L. Higher order modes travel at higher angles, and the 
physical distance L traveled is consequently longer. The 
optical path length of all modes is a product of the distance 
traveled and the refiractive index of the optical medium 
along their respective paths. Compensation for the different 
modal physical distances is achieved by lowering the refirac- 
tive index of the region of the fiber in which the higher order 
modes travel. 

The index of refraction compensation is performed during 
the manufaaure of the fiber. When the index is graded 
correctly, modes of different orders will propagate at com- 
pensated velocities and arrive at the far end of the fiber at 



FIG. 1 is a plot of the DMD for a graded index multimode 
fiber. Curves A and B show a relatively acceptable DMD for 
a multimode fiber operating at 850 (see <> data points) and 
1300 (see □ data points) nanometers (nm), respectively. In 
5 each case, the DMD is less than 0.5 picoseconds per meter 
(ps/m). 

FIG. 2 is a plot of the DMD for another multimode, 
nominally similar, fiber. The DMD is limited for 1300 nm, 
but at 850 nm the DMD reaches 2 ps/m for modes launched 

10 at a fiber axial position of+/-25 microns from the fiber's 
center. As a result, when operating at 850 nm, modes 
transmitted along the fiber's center travel much faster than 
those near the cladding/core interface. 
The reduced delay for modes traveling along the fiber's 

15 center is theorized to be an artifact of the manufacturing 
techniques used for the multimode fiber. The fibers are 
manufactured by slowly depositing closely controlled com- 
binations of chemicals on the inner surface of a hollow glass 
tube. This process slowly closes the lube off, slowly reduc- 

20 ing its inner diameter by the sequential depositions. The last 
stages, just before the tube is closed-off, can sometimes be 
incomplete, yielding indexes such as that illustrated in FIG. 

3 when the tube is pulled into the fiber. A sharp anomaly 310 
in the graded index (n) occurs near the fiber's center, 

25 position 0. 

It is theorized that the fiber's center index of refraction 
anomaly resuhs in pulse splitting such as that shown in FIG. 

4 when a single mode laser launches into a multimode fiber. 
In an experiment, a 1300 nm single mode Fabry-Perot laser 

30 launched a pulse function into a 610 meter long, 62.5 
micron, fiber run. In the plot, the horizontal scale is 500 
ps/division, and the vertical scale is 20 milliVolts/division. 
After propagating the 610 meters, the original signal is 



converted into an initial pulse 410 and a secondary pulse 
nearly the same time. Research has shown that the optimum 35 420. This pulse splitting differs from the pulse broadening 
grading is obtained with a refractive index profile of the usually seen when multimode sources are launched into 



form: 



?i{r)=/tl*[l-2An[l-('-/a)']f'^ for<a, 



and 



«(r)=«2 for r>=a, 

where; 

n(r) is the refractive index at radial position r, 
nl is the refractive index peak value, 
n2 is the refractive index of the cladding glass, 
a is the core diameter, 

An is the index differenoe=(nl^-n2^)/(2*nl^), and 



multimode fibers. 

The highly multimodal and wide bandwidth characteris- 
tics of the LED are believed to excite all or most of the 
40 fiber's transmission modes. As a result, a relatively small 
amount of the energy carried by the fiber is transmitted in the 
fiber's center and thus experiences the problematic trans- 
mission delay associated with the center index anomalies. In 
contrast, it is believed that the single mode laser source 
45 excites relatively few of the fiber's modes. Some of those 
modes propagate along the fiber's center, experiencing little 
delay, and an almost equivalent optical power is contained 
in other modes that propagate more toward the cladding/core 
interface, experiencing delay that would be predicted from 



g is the profile parameter, a value of g=l gives a straight 50 the graded fiber configuration. These effects result in the 



line curve from 0 to a, a value of g"^ gives a flat, or 
step index profile. 
Ag value of approximately 1.9 to 2.0 has been found to 
provide optimal propagation delays for multimode optical 
fibers. 

Differential mode delay (DMD) measurements are a 
method for testing the effectiveness of the index profiling. A 
fiber is tested by launching a single mode pulse into the core 
at the core/cladding boundary. The output of the fiber is 



distinct splitting, which severely undermines the decision 
logic in the detector yielding unacceptably high error rates 
when the transmission speeds approach 1 GBPS. While not 
all existing multimode fiber has this problem, a non-trivial 
55 amount does, and there is no easy test for identifying the 
problem fibers. 

FIG. 5 illustrates one embodiment of a system for pre- 
venting the pulse splitting in multimode fiber 110/single 
mode source 115 computer data network transmission sys- 



detected with a high bandwidth detector. The input point is 60 tems. Briefly, the invention is based on the principle that an 

then traversed across a diameter of the fiber while the opaque spot, applied to the center axis of the multimode 

relative time difference is read and recorded at the other end. fiber, between the detector and source, prevents the fiber 

The relative delays are plotted against radial position. Fibers modes traveling along the fiber's center axis from reaching 

with lower DMD profiles, or differences between the delays the detector. Experiments have shown that stopping the 

experienced at the fiber's center relative to near the core/ 65 coupling of the fiber's center modes to the detector prevents 

cladding interface, have higher modal bandwidths than those either the pulse splitting effect entirely or the effect at the 

with high DMD profiles. detector where it causes problems. 
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In the embodiment of FIG. 5, an opaque spot 135 is 
applied to exit aperture 120 of the fiber 110, which forms the 
optical transmission media of the network. This configura- 
tion prevents any center modes of the optical signal propa- 
gating in the mullimode fiber 110 from reaching the detector 
125, which is typically part of a network interface card 126 
of the computer node or network communications device. 
As a result, the center modes, which may propagate loo 
quickly due to a reduced center index of refraction present 
in some mullimode fibers, will not contribute to a pulse 
splitting effect at the detector 125 thereby preserving modal 
bandwidth. 

The opaque spot 135 is preferably large enough to prevent 
substantially all of the energy in the center modes from 
reaching the detector 125. In the preferred embodiment, the 
opaque spot blocks approximately 90% of the energy. This 
requires a spot approximately 5 to 7 microns in diameter for 
62.5 micron fiber. The opaque spot is preferably circular and 
applied substantially centered on the fiber's axis, as shown. 

The opaque spot 135 is applied according to a number of 
different techniques. In the preferred embodiment, it is 
painted-on, possibly using a jig. Alternatively, it is scribed, 
etched, or deposited on the fiber end. 

As also shown in FIG. 5, an opaque spot 140 is alteraa- 
tively applied to the input or entrance aperture 130 of the 
fiber 110. This second configuration prevents the optical 
signal from the single mode laser source 115, typically also 
found in a network interface card 126, from exciting any of 
the center modes of the fiber 110. A characteristic of 
multimode fibers that allows this embodiment to work is the 
limited coupling between the fiber's modes. That is, the 
center modes will not be excited by optical power crossing 
over from other modes. 

According to the invention, the opaque spot is applied to 
the fiber's input aperture 130 or output aperture 120, indi- 
vidually. Alternatively, opaque spots 140, 135 are applied to 
both of the input and output apertures 130, 120. 

FIG. 6 shows another embodiment in which the opaque 
spot(s) is/are not necessarily applied to the existing multi- 
mode fiber 110 but applied to a fiber pigtail or coupler 150 
between the existing multimode fiber 110 and the single 
mode light source 115 and/or detector 125. As before, the 
fiber couplers 150 are used at the detector or laser ends, or 
both. Moreover, the opaque spots 155 on the coupler 150 can 
be applied to the entrance/exit aperture ends 130, 120 that 
face the laser 115/detector 125 or to the coupler end 160 that 
interfaces with the multimode fiber 110, or both. 

FIG, 7 shows still another embodiment of the invention. 
In this case, a coupler 170 is used as in the embodiment in 
FIG. 6. The fiber coupler's refractive index, however, is 
constructed so that it has a dark core 175 that can not 
transmit light, rather than the reliance on the opaque spots. 

FIGS. 8A and 8B show two index profiles that will not 
transmit any light through the fiber's center axis. By doping 
the fiber during its manufacture such that the index of 
refraction drops sharply near the fiber's center axis, as 
shown in FIG. 8A, light will be coupled only into modes 
existing in an armular ring centered on the fiber. Similarly, 
FIG. 8B shows a fiber index with an annular step profile. 
Here, the center 5-7 microns of the fiber transmits no light. 
As in the previous embodiments, these dark core couplers 
170 are placed either at the front end between the transmis- 
sion fiber 110 and the laser 115 at the tail end between the 
transmission fiber 110 and the detector 125, or both. 

While this invention has been particularly shown and 
described with references to preferred embodiments thereof, 
it will be understood by those skilled in the art that various 
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changes in form and details may be made therein without 
departing from the spirit and scope of the invention as 
defined by the appended claims. Those skilled in the art will 
recognize or be able to ascertain using no more than routine 
5 experimentation, many equivalents to the specific embodi- 
ments of the invention described specifically herein. Such 
equivalents are intended to be encompassed in the scope of 
the claims. 
What is claimed is: 
10 1. A method of improving modal bandwidth of a multi- 
mode optical fiber, comprising; 

applying a blocking area to the multimode optical fiber 
such that substantially no optical signal exits from a 
center portion of the multimode optical fiber, wherein 
15 the blocking area comprises an opaque spot. 

2. A method of improving modal bandwidth of a multi- 
mode optical fiber, comprising: 

applying a blocking area to the miiltimode optical fiber 
such that substantially no optical signal exits from a 
20 center portion of the multimode optical fiber; and 
generating the optical signal with one of: 
a single-mode laser source; 
a Fabry-Perot laser; and 
a vertical cavity surface emitting laser. 

3. The method as recited in claim 1, wherein the blocking 
area is positioned over a center axis of the multimode optical 
fiber. 

4. The method as recited in claim 1, further comprising 
applying the blocking area to at least one of the exit aperture 
and an entrance aperture of the multimode optical fiber. 

5. A method of improving modal bandwidth of a multi- 
mode optical fiber, comprising: 

applying a blocking area to at least one of the exit aperture 
and an entrance aperture of the multimode optical fiber 
such that substantially no optical signal exits from a 
center portion of the multimode optical fiber; 

wherein the blocking area is applied by at least one of: 
painting; 
scribing; 
etching; and 
depositing. 

6. A method of improving modal bandwidth of a multi- 
mode optical fiber, comprising: 

45 applying a blocking area to the multimode optical fiber 
such that substantially no optical signal exits from a 
center portion of the multimode optical fiber; wherein 
the blocking area is a spot having a diameter that is 
approximately 6.5% to 11.2% of a diameter of the 

5Q multimode optical fiber. 

7. A method of improving modal bandwidth of a multi- 
mode optical fiber, comprising: 

applying a blocking area to the multimode optical fiber 
such that substantially no optical signal exits from a 
55 center portion of the multimode optical fiber; wherein 
the blocking area is of a construction sufficient to block 
at least 90% of the energy in the center modes of the 
multimode optical fiber. 

8. An optical signal transmission system, comprising: 
60 mullimode optical fiber; and 

a blocking area comprising an opaque spot applied to the 
multimode optical fiber such that substantially no opti- 
cal signal exits from a center portion of the multimode 
optical fiber. 

65 9. The system as recited in claims 8, wherein the blocking 
area is positioned over a center axis of the multimode optical 
fiber. 
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10. The system as recited in claim 8, wherein the blocking 
area is applied to at least one of an exit aperture and an 
entrance aperture of the muUimode optical fiber. 

11. An optical signal transmission system, comprising: 
multimode optical fiber; and ^ 
a blocking area applied to the multimode optical fiber 

such that substantially no optical signal exits from a 
center portion of the multimode optical fiber, wherein 
the blocking area is of a construction suflBcient to block 
at least 90% of the energy in the center modes of the 
multimode optical fiber. 

12. An optical signal transmission system, comprising: 
multimode optical fiber; and 

a blocking area applied to the multimode optical fiber 15 
such that substantially no optical signal exits from a 
center portion of the multimode optical fiber, wherein 
the opaque spot has a diameter that is approximately 
6.4% to 11.2% of a diameter of the multimode optical 
fiber. 20 

13. An optical signal transmission system, comprising: 
multimode optical fiber; and 

a blocking area applied to the multimode optical fiber 
such that substantially no optical signal exits firom a 
center portion of the multimode optical fiber; 25 

wherein the blocking area is applied by at least one of: 
painting 
scribing 
etching; and 
depositing. 

14. An optical signal transmission system, comprising: 
multimode optical fiber; and 

a fiber coupler, coupled to the multimode optical fiber, to 
substantially prevent an optical signal from exiting a 35 
center portion of the multimode optical fiber, 

wherein the fiber coupler comprises an opaque blocking 
spot applied to at least one of an exit aperture and an 
entrance aperture of the fiber coupler. 
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15. The system as recited in claim 14, wherein the fiber 
coupler transmits only an annular ring of light into the 
multimode optical fiber. 

16. An optical signal transmission system, comprising: 
multimode optical fiber; and 

a fiber coupler, coupled to the multimode optical fiber, to 
substantially prevent an optical signal from exiting a 
center portion of the multimode optical fiber, 
wherein the fiber coupler comprises a blocking area 
applied to at least one of an exit aperture and an 
entrance aperture of the fiber coupler, and the blocking 
area is of a construction sufficient to block at least 90% 
of the energy in the center modes of the multimode 
optical fiber. 

17. An optical signal transmission system, comprising: 
multimode optical fiber; and 

a fiber coupler, coupled to the multimode optical fiber, to 
substantially prevent an optical signal from exiting a 
center portion of the multimode optical fiber, 
wherein the fiber coupler comprises a blocking area 
applied to at least one of an exit aperture and an 
entrance aperture of the fiber coupler, and the fiber 
coupler fiirther comprises optical fiber having a first 
end being the entrance aperture of the fiber coupler and 
a second end being the exit aperture of the fiber coupler, 
wherein the blocking area is applied to at least one of 
the entrance aperture and the exit apertures of the 
optical fiber of the fiber coupler. 

18. The system as recited in claim 17, wherein the 
blocking area is applied by at least one of: 

painting; 
scribing; 
etching; and 
depositing. 

» )|( 4e * 9|t 
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(57) ABSTRACT 

Method and apparatus for an analog FM optical link having 
a low noise figure and a high spurious- free dynamic range. 
In one embodiment, the apparatus includes a F M DFB laser 
and a balanced receiver . The balanced receiver includes an 
optical splitter to split the received beam into two optical 
paths. Each of the two paths includes an optical filter and a 
photodetector. A differentiator coupled to the electrical out- 
put of the photodetectors produces a demodulated electrical 
signal in response to the RF signal used to modulate the DFB 
laser. This configuration can eliminate the laser relative 
intensity noise and second order harmonics. In addition, 
third order distortion is eliminated when there is no intensity 
modulation or greatly reduced when intensity modulation is 
present. 

17 Claims, 6 Drawing Sheets 
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ALL-OPTICAL ANALOG FM OPTICAL signal in response to the single sideband FM optical signal. 

RECEIVER Id one embodimenl the receiver also includes a beamsplitter 

and a second optical filter. The beamsplitter is in optical 

GOVERNMENT SUPPORT communication with the FM optical signal source and has a 

^ . . . , . , . . J 5 first and second beam output. Each optical filter is in 

T^is invention was made with gove^^ T?'^ """"fh' communication with a respective beam output and produces 

Contract Number Fl 9628-95 -C-0002 awarded by the ^ respective single sideband FM optical signal in response to 

Department of the Air Force. The government may have ^ optical signal, 

certain rights in the invention. ™ . . . ^ . • 

The invention also features a communication system 

FIELD OF THE INVENTION which includes a FM optical signal source, an optical filter 

in optical communication with the FM optical signal source, 
The invention relates generally to an apparatus and a photodetector in optical communication with the filter and 
method for an optical communications system, and m a differentiator in electrical communication with the photo- 
particular, to an analog frequency modulated (FM) optical detector. The differentiator produces a demodulated FM 
receiver 15 electrical signal in response to the FM optical signal. In one 

r. A/^x^i-ni-LTTxmi ^m:? ttjc TKn/rrxm<-ixT embodiment the system also includes a beam splitter, a 

BACKGROUND OF THE INVENTION , , j u * j * * • i * • i 

second filter and a second photodetector in electrical com- 

Communication systems based on optical technologies munication with the differentiator. The differentiator pro- 

arc becoming more common due to advantages over con- duces a demodulated electrical signal in response to the 

ventional wire-based communication systems. Although 20 detected electrical signals from the photodetectors. 

digital optical links can provide high data bandwidths, in 

some implementations analog optical links are preferred, for BRIEF DESCRIPTION OF THE DRAWINGS 

example where providing digital processing capabiHty at the foregoing and other objects, features and advantages 

transmitter is impractical. . 25 invention will become apparent from the following 

An analog optical link can exhibit an unacceptable noise more particular description of preferred embodiments of the 

figure (NF) and an unacceptable spurious-signal-free invention, as illustrated in the accompanying drawings. The 

dynamic range (SFDR). For example, conventional Mach- drawings are not necessarily to scale, emphasis instead 

2^hnder modulated optical links are subject in general to being placed on illustrating the principles of the present 

second order harmonics and third order difference inter- invention. 

modulation products. Thus a need exists for a simple and ^ ^ ^ functional block diagram illustrating one 

inexpensive high performance analog optical link havmg a embodiment of an all-optical FM analog link; 

low noise figure and a high SFDR. ^ is a functional block diagram iUustrating another 

SUMMARY OF THE INVENTION embodiment of an all-optical FM analog link; 

_ . . , ^ J J FIGS. 3a-3i/ are diagrams of the filtered optical spec- 

The present invention relates to an apparatus and method according to the invention; 

for all-optical, frequency modulated (FM) communication. ^. ° . c ^- . c 

THe metiiod and apparatus make use of a balanced receiver ^ 4 :s a fonctional block diagram of an embodiment of 

configuration having a set of optical filters. An optical beam all-optical FM analog link usmg Fabry-Perot filters; 

splitter provides an optical signal to two distinct optical FIGS. Sa and 5ft are diagrams of the filtered optical 

filters. One optical filter removes the upper sideband and the spectrums of the embodiment of FIG. 4. 

other optical filter removes the lower sideband. The filtered n.r^<:./--n7ivnr.i>.i ^-ic njc rxn/r^NmnM 

signals are detected and their photocurrents subtracted DESCRIPTION OF THE I^A^NnON 

before the resulting electrical signal is provided to a differ- Referring to FIG. 1, an all-optical FM link 10 includes a 

entiator for demodulation. Laser relative intensity noise 45 laser source 12 which can be directly modulated, an optical 

(RIN) and second order harmonics are thereby eliminated. In fiber 14 and a receiver 16. Preferably, the laser 12 is a 

addition, third order distortion is eliminated when no inten- distributed feedback (pFBY lase£. (e .g. KBK Inc., New York, 

sity modulation (IM) is present, or greatly reduced when IM N.Y., DFii laser model no. KLED1563BTB which has a FM 

is present. As a result, this analog optical link has a low noise response efiSciency of 50-500 MHz/mA, depending on the 

figure and a high spurious-signal-free dynamic range. 50 modulation frequency, and a bandwidth up to 3 GHz) which 

The present invention features a transmitter for an optical is directly modulated by a RF signal (RF,.J. The resulting 

communication system which includes a FM optical signal modulated optical signal includes both intensity modulation 

source and an optical filter in communication with the FM (IM) and frequency modulation (FM). The receiver includes 

source. The optical filter produces a single sideband optical an optical filter 20, a photodetector 22 and a differentiator 

signal. In one embodiment the transmitter also includes a 55 24. The optical filter 20 suppresses one sideband of the 

beamsplitter and a second optical filter. The beamsplitter is optical signal and passes both the carrier and the other 

in optical communication with the FM optical signal source sideband. As an example, a fiber grating filter can be used in 

and has a first and second beam output. Each optical filter is a fiber-based receiver. Generally, any transmissive optical 

in communication with a respective beam output and filter with the proper spectral characteristics can be used, 

removes one sideband of the FM optical signal. 60 Without the optical filter 20 the FM modulation is canceled 

The invention also features a receiver for an optical and only the IM is detected. Demodulation of the electrical 

communication system which includes an optical filter, a signal generated by the photodetector 22 is accomplished 

photodetector in optical communication with the filler, and with the differentiator 24 and results in an output RF signal 

a differentiator in electrical communication with the photo- (RFoJ at receiver output terminal 18. 

detector. The optical filter removes one sideband of a FM 65 Other lasers that can be directly modulated and have a 

optical signal to produce a single sideband FM optical signal single longitudinal mode can be used in place of the con- 

and the differentiator produces a demodulated electrical ventional DFB laser 12. Semiconductor lasers which satisfy 
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these requirements include, but are not limited to, distributed 
Bragg reflector (DBR) lasers, external cavity lasers and 
multiple quantum well (MQW) lasers. In addition, some 
solid state lasers (e.g., Nd:YAG lasers) can be directly 
modulated, although the modulation efficiency and modu- 5 
lation bandwidth are typically low. 

Unlike a coherent analog FM link, the all-optical FM 
analog link 10 does not require an additional laser source or 
strict optical frequency tracking, although the optical fre- 
quency must be stable enough to allow proper optical 
filtering. Laser relative intensity noise (RIN), however, is 
still present in the demodulated signal (RF^J 

Referring to FIG. 2, an all-optical FM analog link 10' 
having a balanced receiver configuration includes a DFB 
laser 12, an optical fiber 14 and a dual receiver 16*. The dual 
receiver 16' includes a beamsplitter 26, an upper optical filter 
20', a lower optical filter 20', two photodetectors 22' and 22", 
and a differentiator 24. Modulated light from the optical 
fiber 14 is split into an upper optical path 28 and a lower 
optical path 30. The optical paths 28, 30 can include, but are 
not limited to, optical fiber or a free space path defined by 
bulk optical components. Light in the upper path 28 passes 
through the upper filter 20' where the lower sideband is 
removed from the modulated optical signal. The upper 
detector 22' receives the filtered single sideband optical 
signal and generates a corresponding modulated electrical 
signal at the detector output 23. Similarly, light in the lower 
path 30 passes through the lower optical filter 20' where the 
upper sideband is removed firom the modulated optical 
signal. The second detector 22' receives this second filtered 
single sideband optical signal and generates a corresponding 
modulated electrical signal at the detector output 25. A 
resulting sum modulated signal at node 32 is differentiated 
by the differentiator 24 to generate a demodulated electrical 
signal (RF^^J at the receiver output 18. 

ETC. 3fl illustrates how the upper optical filter 20' removes 
the lower sideband 36 and transmits the upper sideband 38 
and canrier 40 which lie within the passband 42 of the filter 
20'. Similarly, FIG. 3^> illustrates bow the lower optical filter 
.20" removes the upper sideband 38 and transmits the lower 
sideband 36 and canier 40 which lie within the passband 44 
of the filter 20". 

The contribution to the photocurrents generated by the 
detectors 22', 22" due to RIN are equal because the upper 45 
RIN sideband is the same as the lower RIN sideband. Thus 
one advantage of the balanced receiver configuration 10' is 
the elimination of RIN. Shot noise and thermal noise in the 
two paths are not correlated, however, so subtraction of the 
photocurrents from the detectors 22', 22" does not eliminate 50 
these noise components from the demodulated electrical 
signal RF^,. Instead, the shot noise and thermal noise 
present in each optical path 28, 30 are incoherently summed. 
In addition, second order harmonics and third order distor- 
tion are eliminated when no IM is present. Even if IM exists, 55 
both second order harmonics and third order distortion are 
substantially reduced. As a result the balanced receiver 
configuration 10' has a low noise figure and a high spurious- 
signal-free dynamic range. 

The demodulated RF signal current is given by: 60 



(3) 



where K is the efficiency of the differentiator 24, 51 is the 
photodetector responsivity, P5 is the optical power, Kjrj^ is 
the frequency modulation index and X;,(t) is the normalized 65 
RF input signal. The gain of the all-optical FM analog link 
10' is given by: 



(2) 



where (bp^f is the FM efficiency (MHz/mA) of the laser 12 
and R^, and R^ are the output and input resistance, respec- 
tively. 

Using the ideal filter model illustrated in FIGS. 3 A and 
3B, the noise figure is approximated by: 



TjBFin 



(3) 



where ti is the receiver noise spectral density, B is the signal 
bandwidth and f^ is the center frequency of the RF signal 
(RFJ- 

The spurious-signal-free dynamic range can be calculated 
assuming a more realistic model of the upper optical filter 
20' and lower optical filter 20", respectively, as shown in 
FIGS. 3C and 3D. In particular, the passbands 42' ,44' result 
in suppressed sidebands 36'38' with non-zero power con- 
tributions S„^. In addition, the RF input signal (RF^) is 
assumed to be a two-tone signal where the tones are at 
closely spaced RF frequencies. The spurious-signal -free 
dynamic range is given by: 



(4) 



where 



and m is the intensity modulation index. While this spurious- 
signal-free dynamic range depends on the relative values of 
the FM and AM modulation efficiencies, it will typically be 
substantially better than conventional links utilizing Mach- 
Zehnder modulators. 

Referring to FIG. 4, another embodiment of a balanced 
receiver configuration 16" includes an upper optical circu- 
lator 50 and lower optical circulator 52 (e.g., Kaifa 
Technology, Sunnyvale, Calif., optical circulator model no. 
CIR5-M which has a minimum isolation between ports of 40 
dB). Modulated light from the laser 12 transmitted through 
the optical fiber 14 is split into the upper and lower optical 
paths 28 and 30, respectively. Light in the upper path 28 
passes through the upper optical circulator 50 and is 
reflected from the upper optical filter 20' except for the lower 
sideband which is transmitted through the filter 20' and lost. 
The reflected optical signal having a single sideband enters 
the upper optical circulator 50 where it is directed into an 
upper detector optical path 54 and onto the upper detector 
22'. Similarly, light in the lower path 30 passes through the 
lower optical circulator 52 and is reflected from the lower 
optical filter 20" except for the upper sideband which is 
transmitted through the filter 20" and lost. This second 
reflected optical signal also has a single (opposite) sideband 
and enters the lower optical circulator 52 where it is directed 
into a lower detector optical path 56 and onto the lower 
detector 22". As described in the previous embodiment, a 
demodulated electrical signal (RF^,) is generated at the 
receiver output 18. This configuration, however, avoids the 
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carrier attenuation resulting from the transmissive optical 
filters 20', 20" of the previous embodiment. 

The reflective filters 20*, 20" can be the Fabry-Perot type 
(e.g., Micron Optics, Inc., Atlanta, Ga., tunable filter and 
controller model no. FFP-TF 1550-050M200-5 for a wave- 5 
length of 1550 nm and having a free spectral range of 
approximately 10 GHz and a finesse of approximately 200). 
FIGS. 5Aand 5B illustrate how the narrow passbands 58, 60 
of Fabry-Perot filters transmit a single sideband so that it is 
removed from the optical signals in the embodiment shown 
in FIG. 4. Nearly aU of the light outside the passbands 58, 
60 is reflected back to the optical circulators 50, 52. 

EQUIVALENTS 

While the invention has been particularly shown and 
described with reference to specific preferred embodiments, 15 
it should be understood by those skilled in the art that 
various changes in form and detail may be made therein 
without departing from the spirit and scope of the invention 
as defined by the appended claims. 

What is claimed is: 20 

1. A communication system comprising: 

a first single sideband optical filter having an optical input 

and an optical output, said optical input adapted to 

receive a FM optical signal; 
a first photodetcctor having an optical input in optical 25 

communication with said optical output of said first 

filter and having an electrical output; 
a second single sideband optical filter having an optical 

input and an optical output, said optical input adapted 

to receive said FM optical signal; 
a second photodetector having an optical input in optical 

communication with said optical output of said second 

filter and having an electrical output; and 
a differentiator having an electrical input in electrical 

communication with said electrical outputs of said first 

and second photodetectors, 
wherein said differentiator produces a demodulated elec- 
trical signal in response to said FM optical signal. 

2. The communication system of claim 1 wherein said 
first optical filler comprises: 

an optical circulator having an optical input, an optical 
output and an etalon port, said optical circulator optical 
input in optical communication with said optical input 
of said first filter, 45 

wherein said FM optical signal at said optical circulator 
input is transmitted out said optical circulator etalon 
port; and 

a Fabry-Perot etalon having an optical input in optical 
communication with said optical circulator etalon port, 50 

wherein said FM optical signal from said optical circu- 
lator etalon port is at least partially reflected from said 
Fabry-Perot etalon back into said optical circulator 
etalon port and out from said optical circulator output. 

3. The communication system of claim 1 further com- 55 
prising a FM optical signal source generating said optical 
signal. 

4. The transmitter of claim 3 wherein said FM optical 
signal source comprises a distributed feedback laser. 

5. The transmitter of claim 1 wherein said first optical 60 
filter comprises a Fabry-Perot filter. 

6. The transmitter of claim 1 wherein said first optical 
filter comprises a fiber grating filter. 

7. The communication system of claim 1, wherein said 
first and second optical filters each have a bandwidth suf- 65 
ficient to transmit a carrier and a sideband of said optical 
signal. 
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8. The second photodetector of claim 1 further comprising 
an electrical input in communication with the electrical 
output of the first photodetector. 

9. A method of transmitting an optical signal comprising 
the steps of: 

providing a FM optical signal having a carrier and two 
sidebands; 

optically filtering said FM optical signal to produce a first 
single sideband FM optical signal with the upper side- 
band removed; 

optically filtering said FM optical signal to produce a 
second single sideband FM optical signal with the 
lower sideband removed; and 

combining the first single sideband signal and the second 
single sideband signal, thereby reducing relative inten- 
sity noise in said FM optical signal. 

10. A communication system comprising: 

a FM optical signal source producing a FM optical signal 
at an optical output; 

a beam splitter having an optical input in optical com- 
munication with said optical output of said FM optical 
signal source and having a first beam output and a 
second beam output; 

a first optical filter having an optical input in optical 
communication with said first beam output and having 
an optical output, 

wherein said first optical filter produces a first single 
sideband FM optical signal in response to said FM 
optical signal; 

a second optical filter having an optical input in optical 

communication with said second beam output and 

having an optical output, 
wherein said second optical filter produces a second 

single sideband FM optical signal in response to said 

FM optical signal; 
a first photodetector having an optical input in optical 

communication with said first filter optical output and 

having an electrical output, 
wherein said first photodetector produces a first detected 

electrical signal in response to said first single sideband 

FM optical signal; 
a second photodetector having an optical input in optical 

communication with said second filter optical output 

and having an electrical output, 
wherein said second photodetector produces a second 

detected electrical signal in response to said second 

single sideband FM optical signal; and 
a differentiator having an electrical input in electrical 

communication with said first and second photodetec- 
tor electrical outputs, 
wherein said differentiator produces a demodulated elec- 
trical signal in response to said first and second 

detected electrical signals. 

11. The communication system of claim 10 wherein said 
FM optical signal source comprises a distributed feedback 
laser. 

12. A method of communication comprising the steps of: 
providing a FM optical signal having a lower sideband, an 

upper sideband and a carrier; 
splitting said FM optical signal to produce a first signal 

beam and a second signal beam; 
optically filtering said first signal beam to remove said 

lower sideband to produce a first filtered beam; 
optically filtering said second signal beam to remove said 

upper sideband to produce a second filtered beam; 
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detecting said first filtered beam to produce a first detected 
signal; 

detecting said second filtered beam to produce a second 
detected signal; 

combining said first and second detected signals to pro- ^ 
duce a combined signal; and 

differentiating said combined signal to produce a demodu- 
lated signal. 

13. A transmitter for an optical communication system 
comprising: 

a FM optical signal source producing a FM optical signal 

at an optical output; 
a beam splitter having an optical input in optical com- 
munication with said optical output of said FM optical 15 

signal source and having a first beam output and a 

second beam output; 
a first optical filter having an optical input in optical 

communication with said first beam output, 
wherein said first optical filter removes one sideband of 

said FM optical signal to produce a first single sideband 

FM optical signal; and 
a second optical filter having an optical input in optical 

communication with said second beam output, ^5 
wherein said second optical filter removes one sideband 

of said FM optical signal to produce a second single 

sideband FM optical signal. 

14. The transmitter of claim 13 wherein said FM optical 
signal source comprises a distributed feedback laser. 30 

15. A method of transmitting an optical signal comprising 
the steps of: 

providing a FM optical signal having a lower sideband, an 

upper sideband and a canier; 
splitting said FM optical signal to produce a first signal 

beam and a second signal beam; 
optically filtering said first signal beam to remove said 

lower sideband to produce a first filtered beam; and 
optically filtering said second signal beam to remove said 

upper sideband to produce a second filtered beam. 

16. A receiver for an optical communication system 
comprising: 

a beam splitter having an optical input, a first beam output 
and a second beam output; 45 

a first optical filter having an optical output in optical 
communication with said first beam output and having 
an optical output, 

wherein said first optical filter produces a first single 
sideband FM optical signal in response to a FM optical 50 
signal received at said beam splitter optical input; 
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a second optical filter having an optical output in optical 

communication with said second beam output and 

having an optical output, 
wherein said second optical filter produces a second 

single sideband FM optical signal in response to said 

FM optical signal; 
a first photodetector having an optical input in optical 

communication with said first filter optical output and 

having an electrical output, 
wherein said first photodetector produces a first detected 

electrical signal in response to said first single sideband 

FM optical signal; 
a second photodetector having an optical input in optical 

communication with said second filter optical output 

and having an electrical output, 
wherein said second photodetector produces a second 

detected electrical signal in response to said second 

single sideband FM optical signal; and 
a differentiator having an electrical input in electrical 

communication with said first and second photodetec- 
tor electrical outputs, 
wherein said differentiator produces a demodulated elec- 
trical signal in response to said first and second 

detected electrical signals. 
17. Amcthod of receiving an optical signal comprising the 
steps of: 

splitting a FM optical signal having a lower sideband, an 

upper sideband and a carrier to produce a first signal 

beam and a second signal beam; 
optically filtering said first signal beam to remove said 

lower sideband to produce a first single sideband FM 

optical signal; 

optically filtering said second signal beam to remove said 

upper sideband to produce a second single sideband 

FM optical signal; 
detecting said first single sideband FM optical signal to 

produce a first detected electrical signal; 
detecting said second single sideband FM optical signal to 

produce a second detected electrical signal; 
combining said first and second detected electrical signals 

to produce a combined electrical signal; and 
differentiating said combined electrical signal to produce 

a demodulated signal. 

« if « « * 
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ALL-OPTICAL ANALOG FM OPTICAL 
RECEIVER 

GOVERNMENT SUPPORT 

This invention was made with government support under 
Contract Number F19628-95-C-0002 awarded by the 
Department of the Air Force. The government may have 
certain rights in the invention. 

FIELD OF THE INVENTION 



10 



The invention relates generally to an apparatus and 
method for an optical communications system, and in 
particular, to an analog frequency modulated (FM) optical 
receiver. 15 

BACKGROUND OF THE INVENTION 

Communication systems based on optical technologies 
are becoming more common due to advantages over con- 
ventional wire -based communication systems. Although ^0 
digital optical links can provide high data bandwidths, in 
some implementations analog optical links are preferred, for 
example where providing digital processing capability at the 
transmitter is impractical. 

An analog optical link can exhibit an unacceptable noise 
figure (NF) and an unacceptable spurious-signal-free 
dynamic range (SFDR). For example, conventional Mach- 
Zehnder modulated optical links are subject in general to 
second order harmonics and third order difference inter- 
modulation products. Thus a need exists for a simple and 
inexpensive high performance analog optical link having a 
low noise figure and a high SFDR. 



SUMMARY OF THE INVENTION 



30 



35 



The present invention relates to an apparatus and method 
for all-optical, frequency modulated (FM) communication. 
The method and apparatus make use of a balanced receiver 
configuration having a set of optical filters. An optical beam 
splitter provides an optical signal to two distinct optical 
filters. One optical filter removes the upper sideband and the 
other optical filter removes the lower sideband. The filtered 
signals are detected and their photocurrents subtracted 
before the resulting electrical signal is provided to a differ- 
entiator for demodulation. Laser relative intensity noise 45 
(RIN) and second order harmonics are thereby eliminated. In 
addition, third order distortion is eliminated when no inten- 
sity modulation (IM) is present, or greatly reduced when IM 
is present, As a result, this analog optical link has a low noise 
figure and a high spurious-signal-free dynamic range. jq 

The present invention featiues a transmitter for an optical 
communication system which includes a FM optical signal 
source and an optical filter in communication with the FM 
source. The optical filter produces a single sideband optical 
signal. In one embodiment the transmitter also includes a 55 
beamsplitter and a second optical filter. The beamsplitter is 
in optical communication with the FM optical signal source 
and has a first and second beam output. Each optical filter is 
in communication with a respective beam output and 
removes one sideband of the FM optical signal. 60 

The invention also features a receiver for an optical 
communication system which includes an optical filter, a 
pholodetector in optical communication with the filter, and 
a differentiator in electrical communication with the photo- 
detector. The optical filter removes one sideband of a FM 65 
optical signal to produce a single sideband FM optical signal 
and the differentiator produces a demodulated electrical 



signal in response to the single sideband FM optical signal. 
In one embodiment the receiver also includes a beamsplitter 
and a second optical filter. The beamsphtter is in optical 
conmaunication with the FM optical signal source and has a 
first and second beam output. Each optical filter is in 
communication with a respective beam output and produces 
a respective single sideband FM optical signal in response to 
the FM optical signal. 

The invention also features a communication system 
which includes a FM optical signal source, an optical filter 
in optical communication with the FM optical signal source, 
a photodctector in optical communication with the filter and 
a differentiator in electrical communication with the photo- 
detector. The differentiator produces a demodulated FM 
electrical signal in response to the FM optical signal. In one 
embodiment the system also includes a beam splitter, a 
second filter and a second pholodetector in electrical com- 
munication with the differentiator. The differentiator pro- 
duces a demodulated electrical signal in response to the 
detected electrical signals from the photodetectors, 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other objects, features and advantages 
of the invention will become apparent from the following 
more particular description of preferred embodiments of the 
invention, as illustrated in the accompanying drawings. The 
drawings are not necessarily to scale, emphasis instead 
being placed on illustrating the principles of the present 
invention. 

FIG. 1 is a functional block diagram illustrating one 
embodiment of an all-optical FM analog link; 

FIG. 2 is a functional block diagram illustrating another 
embodiment of an all-optical FM analog link; 

FIGS. 3a-3d are diagrams of the filtered optical spec- 
tnims according to the invention; 

FIG. 4 is a functional block diagram of an embodiment of 
an all-optical FM analog link using Fabry-Perot filters; 

FIGS. 5a and 5h are diagrams of the filtered optical 
spectrums of the embodiment of FIG. 4. 

DESCRIPTION OF THE INVENTION 

Referring to FIG. 1, an all-optical FM link 10 includes a 
laser source 12 which can be directly modulated, an optical 
fiber 14 and a receiver 16. Preferably, the laser 12 is a 
distributed feedback fPFB) las ei.(e.g. KBK Inc., New York, 
laser model no. KLED1563BTB which has a FM 
response efGciency of 50-500 MHz/mA, depending on the 
modulation frequency, and a bandwidth up to 3 GHz) which 
is directly modulated by a RF signal (RF^-J. The resulting 
modulated optical signal includes both intensity modulation 
(IM) and frequency modulation (FM). The receiver includes 
an optical filter 20, a pholodetector 22 and a differentiator 
24. The optical filter 20 suppresses one sideband of the 
optical signal and passes both the carrier and the other 
sideband. As an example, a fiber grating filter can be used in 
a fiber-based receiver. Generally, any transmissive optical 
filter with the proper spectral characteristics can be used. 
Without the optical filter 20 the FM modulation is canceled 
and only the IM is detected. Demodulation of the electrical 
signal generated by the pholodetector 22 is accomplished 
with the differentiator 24 and results in an output RF signal 
(RF^„,) at the receiver output terminal 18. 

Other lasers that can be directly modulated and have a 
single longitudinal mode can be used in place of the con- 
ventional PFB laser 12. Semiconductor lasers which satisfy 
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these requirements include, but are not limited to, distributed 
Bragg reflector (DBR) lasers, external cavity lasers and 
multiple quantum well (MQW) lasers. In addition, some 
solid stale lasers (e.g., Nd:YAG lasers) can be directly 
modulated, although the modulation eflSciency and modu- 5 
lation bandwidth are typically low. 

Unlike a coherent analog FM link, the all-optical FM 
analog link 10 docs not require an additional laser source or 
strict optical frequency tracking, although the optical fre- 
quency must be stable enough to allow proper optical 
filtering. Laser relative intensity noise (RIN). however, is 
still present in the demodulated signal (RF^^) 

Referring to FIG. 2, an all-optical FM analog link 10' 
having a balanced receiver configuration includes a DFB 
laser 12, an optical fiber 14 and a dual receiver 16'. The dual 
receiver 16' includes a beamsplitter 26, an upper optical filter 
20', a lower optical filter 20', two photodetectors 22' and 22", 
and a differentiator 24, Modulated light from the optical 
fiber 14 is split into an upper optical path 28 and a lower 
optical path 30. The optical paths 28, 30 can include, but are 
not limited to, optical fiber or a free space path defined by 
bulk optical components. Light in the upper path 28 passes 
through the upper filter 20' where the lower sideband is 
removed from the modulated optical signal. The upper 
detector 22' receives the filtered single sideband optical 
signal and generates a corresponding modulated electrical 
signal at the detector output 23. Similarly, light in the lower 
path 30 passes through the lower optical filter 20* where the 
upper sideband is removed from the modulated optical 
signal. The second detector 22' receives this second filtered 
single sideband optical signal and generates a corresponding 
modulated electrical signal at the detector output 25. A 
resulting sum modulated signal at node 32 is differentiated 
by the differentiator 24 to generate a demodulated electrical 
signal (RF^„,) at the receiver output 18. 

FIG, 3a illustrates how the upper optical filter 20' removes 
the lower sideband 36 and transmits the upper sideband 38 
and carrier 40 which lie within the passband 42 of the filter 
20'. Similarly, FIG. 3b illustrates bow the lower optical filter 
20" removes the upper sideband 38 and transmits the lower 
sideband 36 and carrier 40 which lie within the passband 44 
of the filter 20". . 

The contribution to the photocurrents generated by the 
detectors 22', 22" due to RIN are equal because the upper 45 
RIN sideband is the same as the lower RIN sideband. Thus 
one advantage of the balanced receiver configuration 10' is 
the elimination of RIN. Shot noise and thermal noise in the 
two paths are not correlated, however, so subtraction of the 
photocurrents from the detectors 22', 22" does not eliminate 
these noise components from the demodulated electrical 
signal RF^,. Instead, the shot noise and thermal noise 
present in each optical path 28, 30 are incoherently summed, 
in addition, second order harmonics and third order distor- 
tion are ehminated when no IM is present. Even if IM exists, 55 
both second order harmonics and third order distortion are 
substantially reduced. As a result the balanced receiver 
configuration 10' has a low noise figure and a high spurious- 
signal-free dynamic range. 

The demodulated RF signal current is given by: go 



(3) 



where K is the efiSciency of the differentiator 24, st is the 
photodetector responsivity, is the optical power, Kjr^ is 
the fi-equency modulation index and X;,(t) is the normalized 65 
RF input signal. The gain of the all-optical FM analog link 
10' is given by: 



"in 



(2) 



where (bpj^ is the FM efficiency (MHz/mA) of the laser 12 
and R^, and R^ are the output and input resistance, respec- 
tively. 

Using the ideal filter model illustrated in FIGS. 3 A and 
38, the noise figure is approximated by: 



(3) 



where ti is the receiver noise spectral density, B is the signal 
bandwidth and f^ is the center frequency of the RF signal 

(RFJ. 

The spurious-signal-free dynamic range can be calculated 
assuming a more realistic model of the upper optical filter 
20* and lower optical filter 20", respectively, as shown in 
FIGS. 3C and 3D. Id particular, the passbands 42',44' result 
in suppressed sidebands 36'38' v^th non-zero power con- 
tributions S . In addition, the RF input signal (RF^) is 
assumed to be a two -tone signal where the tones are at 
closely spaced RF frequencies. The spurious-signal-free 
dynamic range is given by: 



SFDR 



(4) 



where 



35 



Cm 



2xfcm 



and m is the intensity modulation index. While this spurious- 
signal- free dynamic range depends on the relative values of 
the FM and AM modulation efficiencies, it will typically be 
substantially better than conventional links utilizing Mach- 
Zehnder modulators. 

Referring to FIG. 4, another embodiment of a balanced 
receiver configuration 16" includes an upper optical circu- 
lator 50 and lower optical circulator 52 (e.g., Kaifa 
Technology, Sunnyvale, Calif, optical circulator model no. 
CIR5-M which has a minimum isolation between ports of 40 
dB). Modulated light from the laser 12 transmitted through 
the optical fiber 14 is split into the upper and lower optical 
paths 38 and 30, respectively, Lir,h» in the upper :;ath 
passes through the upper optical circulator 50 and is 
reflected from the upper optical filter 20* except for the lower 
sideband which is transmitted through the filter 20' and lost. 
The reflected optical signal having a single sideband enters 
the upper optical circulator 50 where it is directed into an 
upper detector optical path 54 and onto the upper detector 
22'. Similarly, light in the lower path 30 passes through the 
lower optical circulator 52 and is reflected from the lower 
optical filter 20" except for the upper sideband which is 
transmitted through the filter 20" and lost. This second 
reflected optical signal also has a single (opposite) sideband 
and enters the lower optical circulator 52 where it is directed 
into a lower detector optical path 56 and onto the lower 
detector 22". As described in the previous embodiment, a 
demodulated electrical signal (RF^,) is generated at the 
receiver output 18. This configuration, however, avoids the 
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carrier attenuation resulting from the transmissive optical 
filters 20\ 20" of the previous embodiment. 

The reflective filters 20', 20" can be the Fabry-Perot type 
(e.g.. Micron Optics, Inc., Atlanta, Ga., tunable filter and 
controller mode! no. FFP-TF 1550-050M200-5 for a wave- 5 
length of 1550 nm and having a free spectral range of 
approximately 10 GHz and a finesse of approximately 200). 
FIGS. 5Aand SB illustrate how the narrow passbands 58, 60 
of Fabry-Perot filters transmit a single sideband so that it is 
removed from the optical signals in the embodiment shown 
in FIG. 4. Nearly all of the light outside the passbands 58, 
60 is reflected back to the optical circulators 50, 52. 

EQUIVALENTS 

While the invention has been particularly shown and 
described with reference to specific preferred embodiments, 15 
it should be understood by those skilled in the art that 
various changes in form and detail may be made therein 
without departing from the spirit and scope of the invention 
as defined by the appended claims. 

What is claimed iis: 20 

1. A communication system comprising: 

a first single sideband optical filter having an optical input 

and an optical output, said optical input adapted to 

receive a FM optical signal; 
a first photodetector having an optical input in optical 25 

cormnunication with said optical output of said first 

filter and having an electrical output; 
a second single sideband optical filter having an optical 

input and an optical output, said optical input adapted 

to receive said FM optical signal; 
a second photodetector having an optical input in optical 

communication with said optical output of said second 

filter arKl having an electrical output; and 
a differentiator having an electrical input in electrical 

communication with said electrical outputs of said first 

and second photodctectors, 
wherein said differentiator produces a demodulated elec- 
trical signal in response to said FM optical signal. 

2. The communication system of claim 1 wherein said ^ 
first optical filter comprises: 

an optical circulator having an optical input, an optical 
output and an etalon port, said optical circulator optica! 
input in optical communication with said optical input 
of said first filter, 45 

wherein said FM optical signal at said optical circulator 
input is transmitted out said optical circulator etalon 
port; and 

a Fabry-Perot etalon having an optical input in optical 
communication with said optical circulator etalon port, 50 

wherein said FM optical signal from said optical circu- 
lator etalon port is at least partially reflected from said 
Fabry-Perot etalon back into said optical circulator 
etalon port and out from said optical circulator output. 

3. The communication system of claim 1 further com- 55 
prising a FM optical signal source generating said optical 
signal. 

4. The transmitter of claim 3 wherein said FM optical 
signal source comprises a distributed feedback laser. 

5. The transmitter of claim 1 wherein said first optical 60 
filter comprises a Fabry-Perot filter. 

6. The transmitter of claim 1 wherein said first optical 
filter comprises a fiber grating filter. 

7. The communication system of claim 1, wherein said 
first and second optical filters each have a bandwidth suf- 65 
ficient to transmit a carrier and a sideband of said optical 
signal. 
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8. The second photodetector of claim 1 further comprising 
an electrical input in communication with the electrical 
output of the fiiil photodetector 

9. A method of transmitting an optical signal comprising 
the steps of: 

providing a FM optical signal having a carrier and two 
sidebands; 

optically filtering said FM optical signal to produce a first 
single sideband FM optical signal with the upper side- 
band removed; 
optically filtering said FM optical signal to produce a 
second single sideband FM optical signal with the 
lower sideband removed; and 
combining the first single sideband signal and the second 
single sideband signal, thereby reducing relative inten- 
sity noise in said FM optical signal. 

10. A communication system comprising: 
a FM optical signal source producing a FM optical signal 

at an optical output; 
a beam splitter having an optical input in optical com- 
munication with said optical output of said FM optical 
signal source and having a first beam output and a 
second beam output; 
a first optical filter having an optical input in optical 
communication with said first beam output and having 
an optical output, 
wherein said first optical filter produces a first single 
sideband FM optical signal in response to said FM 
optical signal; 

a second optical filter having an optical input in optical 
communication with said second beam output and 
having an optical output, 
wherein said second optical filter produces a second 
single sideband FM optical signal in response to said 
FM optical signal; 
a first photodetector having an optical input in optical 
communication with said first filter optical output and 
having an electrical output, 
wherein said first photodetector produces a first detected 
electrical signal in response to said first single sideband 
FM optical signal; 
a second photodetector having an optical input in optical 
communication with said second filter optical output 
and having an electrical output, 
wherein said second photodetector produces a second 
detected electrical signal in response to said second 
single sideband FM optical signal; and 
a differentiator having an electrical input in electrical 
communication with said first and second photodetec- 
icr ciscUical Outputs, 
wherein said differentiator produces a demodulated elec- 
trical signal in response to said first and second 
detected electrical signals. 

11. The communication system of claim 10 wherein said 
FM optical signal source comprises a distributed feedback 
laser. 

12. A method of communication comprising the steps of: 
providing a FM optical signal having a lower sideband, an 

upper sideband and a carrier; 
splitting said FM optical signal to produce a first signal 

beam and a second signal beam; 
optically filtering said first signal beam to remove said 

lower sideband to produce a first filtered beam; 
optically filtering said second signal beam to remove said 
upper sideband to produce a second filtered beam; 
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delecting said firsi filtered beam to produce a first detected 
signal; 

detecting said second filtered beam to produce a second 
detected signal; 

combining said first and second detected signals to pro- ^ 
duce a combined signal; and 

differentiating said combined signal to produce a demodu- 
lated signal. 

13. A transmitter for an optical communication system 
comprising: 

a FM optical signal source producing a FM optical signal 

at an optical output; 
a beam splitter having an optical input in optical com- 
munication with said optical output of said FM optical 15 

signal source and having a first beam output and a 

second beam output; 
a first optical filter having an optical input in optical 

communication with said first beam output, 
wherein said first optical filter removes one sideband of 

said FM optical signal to produce a first single sideband 

FM optical signal; and 
a second optical filter having an optical input in optical 

communication with said second beam output, ^5 
wherein said second optical filter removes one sideband 

of said FM optical signal to produce a second single 

sideband FM optical signal, 

14. The transmitter of claim 13 wherein said FM optical 
signal source comprises a distributed feedback laser. 30 

15. A method of transmitting an optical signal comprising 
the steps of: 

providing a FM optical signal having a lower sideband, an 

upper sideband and a carrier; 
splitting said FM optical signal to produce a first signal 

beam and a second signal beam; 
optically filtering said first signal beam to remove said 

lower sideband to produce a first filtered beam; and 
optically filtering said second signal beam to remove said ^ 

upper sideband to produce a second filtered beam. 

16. A receiver for an optical communication system 
comprising: 

a beam splitter having an optical input, a first beam output 
and a second beam output; 45 

a first optical filter having an optical output in optical 
communication with said first beam output and having 
an optical output, 

wherein said first optical filter produces a first single 
sideband FM optical signal in response to a FM optical 50 
signal received ^\ said beam spLuter optical input; 
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a second optical filter having an optical output in optical 

communication with said second beam output and 

having an optical output, 
wherein said second optical filter produces a second 

single sideband FM optical signal in response to said 

FM optical signal; 
a first pholodetector having an optical input in optical 

communication with said first filter optical output and 

having an electrical output, 
wherein said first photodctector produces a first detected 

electrical signal in response to said first single sideband 

FM optical signal; 
a second photodctector having an optical input in optical 

communication with said second filter optical output 

and having an electrical output, 
wherein said second photodetector produces a second 

detected electrical signal in response to said second 

single sideband FM optical signal; and 
a differentiator having an electrical input in electrical 

communication with said first and second photodetec- 
tor electrical outputs, 
wherein said differentiator produces a demodulated elec- 
trical signal in response to said first and second 

detected electrical signals. 
17. A method of receiving an optical signal comprising the 
steps of: 

splitting a FM optical signal having a lower sideband, an 

upper sideband and a carrier to produce a first signal 

beam and a second signal beam; 
optically filtering said first signal beam to remove said 

lower sideband to produce a first single sideband FM 

optical signal; 

optically filtering said second signal beam to remove said 

upper sideband to produce a second single sideband 

FM optical signal; 
detecting said first single sideband FM optical signal to 

produce a first detected electrical signal; 
detecting said second single sideband FM optical signal to 

produce a second detected electrical signal; 
combining said first and second detected electrical signals 

to produce a combined electrical signal; and 
differentiating said combined electrical signal to produce 

a demodulated signal. 

***** 



01/14/2004, EAST Version: 1.4.1 




US006356680B1 



(12) Ununited §to(t®§ Patemilt (lo) Patent No.: US 65356568(0 Bl 

Kirk et al (45) Date off Patent: Man 12, 2002 



(54) METHOD AND SYSTENS FOR REMOVAL OF 
LOW ORDER OPTICAL TRANSMISSION 
MODES TO IMPROVE MODAL 
BANDWIDTH IN A MULTIMODE OPTICAL 
FIBER COMPUTER NETWORK 

(75) Inventors: Richard L. Kirk, Spencer; Jerry D. 

Hutchison, Littleton; Bruce A. 
Scholield, Tyngsboro, all of MA (US) 

(73) Assignee: Enterasys Networks, Inc., Rochester, 
NH (US) 

( ♦ ) Notice: Subject lo any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 0 days. 

(21) Appl. No.: 09/650,622 

(22) Filed: Aug. 30, 2000 

Related U.S. Application Data 

(63) Continuation of application No. 09/082,767, filed on May 
21, 1998, now Pat. No. 6,154,589. 

(51) Int. Cl.^ G02B 6/26 

(52) U.S. CI 383/29; 385/27; 385/28; 

385/38; 385/39; 385/123; 385/42 

(58) Field of Search 385/15, 27, 28. 

385/29. 31, 38, 39, 123, 88, 42 

(56) References Cited 

U.S. PATENT DOCUMENTS 

3,777,150 A 12/1973 MQIcr 385/29 

3,780,295 A 12/1973 Kapron ct al 385/28 

4,050,782 A 9/1977 Uchida et al 385/28 

4,281,893 A 8/1981 Yamada ct al 385/29 

4,723,828 A 2/1988 Garel -Jones et al 350/96.15 



4,942,623 A 7/1990 Asawa et al 385/28 

5,003,623 A 3/1991 /\sawa 455/612 

5,416^2 A 5/1995 Haas et al 385/28 

5,559,053 A 9/1996 Choquette el al 437/129 

5,659,568 A 8/1997 Wang ct al 372/96 

5,732,170 A '3/1998 Okude et al 385/27 

6,154,589 A • 11/2000 Kirk et al 385/29 

FOREIGN PATENT DOCUMENTS 

WO wo 97/33390 12/1997 385/28 X 

OTHER PUBUCAnONS 

Hahn, K.H., ct al, "Large Area Multitransvcrsc-Modc 
VCSELS For Modal Noise Reduction In Multimodc Fibre 
Systems" Electronic Letters, vol 29, No. 16 (1993) p. 
1482/1483 XP0006546O8. 

(List continued on next page.) 

Primary Examiner— Brim Healy 

(74) Attorney, Agent, or F(rm— Wolf, Greenfield & Sacks, 
PC. 

(57) ABSTRACT 

A method of improving modal bandwidth in computer 
networks using multimode optical fiber and single mode 
sources is disclosed in which the optical signal from a center 
of the optical fiber is prevented from reaching the detector. 
This is acoomphshed according to a number of different 
techniques including the use of opaque spots on the fiber 
media/fiber couplers or the use of dark-cored fiber couplers. 
These configurations prevent pulse splitting that occurs in 
single mode source/multimode fiber systems by preventing 
light from the multimode fiber's center from interfering with 
the detector. When this is achieved, the detector is insulated 
from the effects of pulse splitting, supporting increased data 
rates by increasing the modal bandwidth. 

18 Claims, 4 Drawing Sheets 




01/14/2004, EAST Version: 1.4.1 



us 6,356,680 Bl 

Page 2 



OTHER PUBLICAnONS 

Stryckman, D., et al, "Improvement Of The Lateral-Mode 
Discrimination of Broad-Area Diode Lasers With a Profiled 
Reflectivity Output Facet" Applied Optics, vol. 35, No. 30 
(1996) pp. 5955-5959 XP000630964. 
DeBaun, B.A., et al., "Direct VCSEL Launch Into Large 
Core Multimode Fiber: Ehancement of the Bandwidth Dis- 
tance Product" Proceedings of the SPIE, The International 
Society of Optical Engineering, Proceedings of the Confer 



ence, Vetical Cavity Surface Emitting Lasers, San Jose, CA 
USA 13-14 (1997) vol. 3003, pp. 142-152, XP002116048. 
Marcuse, D., "Calculation of Bandwidth from Index Profiles 
Of Optical Fibers, 1. Theory," Applied Optics, vol, 18, No. 
12, 2073-2080 (1979). 

Presby, H.M., Marcuse, D., Cohen, L.G., "Calculation of 
Bandwidth From Index Profies Of Ptical Fibers," Applied 
Optics., vol. 18, No. 19, 3249-3255 (1979). 

* cited by examiner 



01/14/2004, EAST Version: 1.4.1 



U.S. Pakmlt Mar. 12, 2002 sheet 1 of 4 



US (6,356,68© Bl 




lUL 



a> i/> 



I 



01/14/2004, EAST Version: 1.4.1 



U.S. Patteimll Mar. 12, 2002 sheet 2 of 4 US 6,356,680 Bl 



< 


;> 
o 
o 
o 






Q 


Q 

) 










o 


0 

o 

o 

c 


o 

0 

o 


o 

8 

□ 
a 
a 
□ 
a 
















0- 

< 


OQ 






in Q. 

li 

^ Q 

CD " 
O □ 










< 

o 

o 


oc 
o c 
o o 
o a 
? □ 
o 

D 










< 

0 

o 


o 

o 

o 

o 

> 


— o— 

o 


Q— 

O 

a 
o 
o 
□ 

D 
O 
O 

o 








< 

c 

0 

i 

1 


0 

0 
0 

> 






— a — 
a 
a 
o 
□ 
c 


1 









o 

CM 



c 

9 
o 

c 
o 



o 
CL 



O 
I 



ILL 



o 



in — 



lO 



in 

d 
I 



T in 



CD to 
Q CL 



01/14/2004, EAST Version: 1.4.1 



U.S. Patent Mar. 12, 2002 sheet 3 of 4 US 6,356,680 Bl 




I I I 1 1 

40 20 0 20 40 

Position (microns) 

FIG. 3 





DMD: 300ps(p) 


len 610m 


40 






30 


- hi 




20 






10 


]_j ^ ^ — ^ 




0 


1 1 


1 1 



0 500 1000 1500 2000 



time-(ps) 

FIG. 4 



01/14/2004, EAST Version: 1.4.1 



Uo§. PailteinKt 



Mar. 12, 2002 Sheet 41 of 4 



US 6,356,6810) Bl 




01/14/2004, EAST Version: 1.4.1 



us 6,3: 

1 

METHOD AND SYSTEM FOR REMOVAL OF 
LOW ORDER OPTICAL TRANSMISSION 

MODES TO IMPROVE MODAL 
BANDWIDTH IN A MULTIMODE OPTICAL 

FIBER COMPUTER NETWORK 

This application is a continuation of U.S. patent appli- 
cation Ser No. 09/082,767 filed on May 21, 1998, and now 
U,S. Pal. No. 6,154,589. 

BACKGROUND OF THE INVENTION 

Historically, local area computer networks (LANs) using 
optical data links have relied on light emitting diode (LED) 
sources launching into multimode optical fibers. The EIA/ 
TIA and lEC Building Wiring Standards (TIA 568 A) specify 
the use of 62.5/125 micron multimode optical fiber for 
intra-building wiring. These standards have resulted in the 
large-scale deployment of multimode optical fiber in exist- 
ing computer networks. 

In prior communication application technologies, these 
data transmission platforms have provided adequate band- 
width. Asynchronous transfer mode (ATM) computer net- 
works can support data transmission rates as high as 622 
megabits/sec (MBPS), but LED rise times, the chromatic 
dispersion associated with the relatively wide bandwidth of 
light produced by the LEDs, and multiple fiber transmission 
modes impose an upper cap on the potential data rates. Thus, 
LED/multimodc fiber systems arc generally limited to sub- 
gigabit/sccond (GBPS) data rates. 

Newer computer applications requiring higher band- 
widths and the increasing number of users that must be 
serviced by individual networks have led the push to provide 
GBPS performance, and better. In order to attain this per- 
formance in the context of existing optical data links, the 
LED light sources have been replaced with single mode 
sources such as vertical cavity surface emitting lasers 
(VCSEL) and Fabry-Perot lasers. These devices can produce 
the necessary rise times and have the narrow spectral widths 
required for GBPS data transmission speeds. 

Computer network links modified to use single mode laser 
sources, however, many times still fail to achieve the data/ 
error rates at GBPS data rates that would be predicted solely 
from the laser source performance. The problem has been 
traced to computer links using multimode optical fiber. In 
many instances, a pulse-splitting phenomena is detected, 
which increases the bit error rates to unacceptably high 
levels at these speeds. 

The obvious solution to this problem is to use single mode 
fiber with the single mode sources. While being viable for 
newly installed computer networks, such a solution is 
impractical for the installed base of multimode fiber net- 
works since running new fibers in and between buildings 
represents a significant expense. 

Other solutions have been proposed to constrain pulse 
splitting in signals from single mode sources that have been 
launched into multimode fibers. In one case, the signal from 
the single mode source is launched into a short -length pigtail 
of single mode fiber. The other end of this fiber is then 
coupled to the existing multimode fiber, offset from the 
multimode fiber core center. 

The problem with the ofifeet single mode -multimode fiber 
coupling solution is the difiSculty of implementing it in the 
typical computer network environment. The single mode 
fiber must be precisely misaligned to the multimode fiber 
such that the light is still launched into the muUimode fiber 
with acceptable efficiency, and this misalignment must be 
maintained in the coupling module across its lifetime. 
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SUMMARY OF THE INVENTION 

According to the present invention, pulse splitting is 
consU"ained in single mode source/multimode fiber systems 

J by preventing light from the center of the multimode fiber 
from being transmitted to the detector. When this is 
achieved, the detector is insulated from the effects of any 
pulse splitting, supporting data rates of greater than one 
GBPS by increasing the modal bandv^ddth. 

10 In general, according to one aspect, the present invention 
features a method for improving modal bandwidth in an 
optical link, such as in a computer optical network, using a 
multimode optical fiber. The method comprises generating 
an optical signal with a single mode laser source and 

15 coupling the optical signal into the multimode optical fiber. 
The optical signal from a center portion of the optical fiber, 
however, is blocked from reaching a detector of the optical 
signal. 

In one implementation, the source is a Fabry-Perot or 
20 vertical cavity surface emitting laser. 

In ^ecific embodiments, an opaque spot is inserted 
between the laser source and the detector to block the center 
of the optical fiber from transmitting a detectable optical 
signal. As such, the spot is applied to a fiber coupler or the 
25 fiber of the network. Further, the spot may be applied to 
either the entrance or exit apertures of the fiber. In any case, 
the spot should be approximately 4 to 7 microns in diameter. 

Alternatively, a fiber coupler with a dark central core is 
also useful. It can be inserted either at the detector or laser 
source end of the optical fiber, or both. 

According to another aspect, the invention features mul- 
timode optical fiber of the computer network with at least 
one opaque spot for blocking the optical signal from a center 
portion of the optical fiber from reaching the detector. 

Finally, according to another aspect, the invention also 
features a fiber coupler with a dark core for blocking the 
optical signal from a center portion of an installed multi- 
mode optical fiber from rcadiing a detector. 
40 The above and other features of the present invention, 
including various novel details of construction and combi- 
nations of parts, and other advantages, will now be more 
particularly described with reference to the accompanying 
drawings and pointed out in the claims. It will be understood 
45 that the particular method and device embodying the inven- 
tion are shown by way of illustration and not as a limitation 
of the invention. The principles and features of this inven- 
tion may be employed in various and numerous embodi- 
ments without departing from the scope of the invention. 

50 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the accompanying drawings, like reference characters 
refer to the same parts throughout the different views. The 
drawings are not necessarily to scale, emphasis instead 
being placed upon illustrating the principles of the inven- 
tion. 

FIGS. 1 and 2 are plots of the differential mode delay in 
picoseconds per meter as a function of axial launch position 
for 850 nanometer and 1300 nanometer sources in two 
exemplary multimode fiber samples; 

FIG. 3 is a plot of the index of refraction (n) as a function 
of axial position for an exemplary multimode fiber; 

FIG. 4 shows a pulse function input signal from a 1300 
65 nm single mode Fabry-Perot laser launched into a 610 meter 
long, 62.5 micron, fiber run (horizontal scale is 500 
ps/di vision, and the vertical scale is 10 milli Volts/division); 
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FIG. 5 is a schematic drawing showing embodiments of 
the inventive system for increasing modal bandwidth by 
preventing center mode light from reaching the detector, 

FIG. 6 is a schematic drawing showing other embodi- 
ments of the invention using a fiber coupler; 

no. 7 is a schematic drawing showing still other embodi- 
ments of the invention using a dark core fiber coupler; and 

FIGS. 8A and 8B are two refractive index profiles for the 
dark core fiber. 

DETAILED DESCRIPTION OF THE 
INVEhmON 

The modal bandwidth of graded index multimode optical 
fiber depends directly on the fiber's refractive index profile. 
The profile is designed to compensate for the different paths 
traveled by the numerous optical modes supported by the 
multimode optical fiber. The goal is to equalize delays of all 
propagating modes. The propagation time of an optical 
mode through a fiber is proportional to the optical path 
length. Low order modes propagate nearly straight through 
the fiber, traveling a distance close to the fiber's physical 
length L. Higher order modes travel at higher angles, and the 
physical distance L traveled is consequently longer. The 
optical path length of all modes is a product of the distance 
traveled and the refractive index of the optical medium 
along their respective paths. Compensation for the different 
modal physical distances is achieved by lowering the refrac- 
tive index of the region of the fiber in which the higher order 
modes travel. 

The index of refraction compensation is performed during 
the manufacture of the fiber. When the index is graded 
correctly, modes of different orders will propagate at com- 
pensated velocities and arrive at the far end of the fiber at 
nearly the same time. Research has shown that the optimum 
grading is obtained with a refractive index profile of the 
form: 

nCr)-«l*[l-2Ml-('-/o/]f for<a, 

and 

n(r)=n2 for r>=a, 

where: 

n(r) is the. re tractive index at radial position r, 
nl is the refractive index peak value, 
n2 is the refractive index of the cladding glass, 
a is the core diameter. 

An is the index differenoe=(nl^-n2^)/(2*nl^), and 
g is the profile parameter, a value of g«l gives a straight 
line curve from 0 to a value of g«-oo gives a flat, or 
step index profile. 
A g value of approximately 1.9 to 2.0 has been found to 
provide optimal propagation delays for multimode optical 
fibers. 

Differential mode delay (DMD) measurements are a 
method for testing the effectiveness of the index profiling. A 
fiber is tested by launching a single mode pulse into the core 
at the core/cladding boundary. The output of the fiber is 
detected with a high bandwidth detector. The input point is 
then traversed across a diameter of the fiber while the 
relative time difference is read and recorded at the other end. 
The relative delays are plotted against radial position. Fibers 
with lower DMD profiles, or differences between the delays 
experienced at the fiber's center relative to near the core/ 
cladding interface, have higher modal bandwidths than those 
with high DMD profiles. 



i6,680 Bl 

4 

FIG. 1 is a plot of the DMD for a graded index multimode 
fiber. Curves A and B show a relatively acceptable DMD for 
a multimode fiber operating at 850 (see 0 data points) and 
1300 (see □ data points) nanometers (nm), respectively. In 
5 each case, the DMD is less than 0.5 picoseconds per meter 
(ps/m). 

FIG. 2 is a plot of the DMD for another multimode, 
nominally similar, fiber. The DMD is limited for 1300 nm, 
but at 850 nm the DMD reaches 2 ps/m for modes launched 

10 at a fiber axial position of+/-25 microns from the fiber's 
center. As a result, when operating at 850 nm, modes 
u-ansmitted along the fiber's center travel much faster than 
those near the cladding/core interface. 
The reduced delay for modes traveling along the fiber's 

15 center is theorized to be an artifact of the manufacturing 
techniques used for the multimode fiber. The fibers are 
manufactured by slowly depositing closely controlled com- 
binations of chemicals on the inner surface of a hollow glass 
tube. This process slowly closes the tube off, slowly reduc- 

20 ing its inner diameter by the sequential depositions. The last 
stages, just before the tube is closed-off, can sometimes be 
incomplete, yielding indexes such as that illustrated in FIG. 

3 when the tube is pulled into the fiber. A sharp anomaly 310 
in the graded index (n) occurs near the fiber's center, 

25 position 0. 

It is theorized that the fiber's center index of refraction 
anomaly results in pulse splitting such as that shown in FIG. 

4 when a single mode laser launches into a multimode fiber. 
In an experiment, a 1300 nm single mode Fabry-Perot laser 

30 launched a pulse function into a 610 meter long, 62.5 
micron, fiber run. In the plot, the horizontal scale is 500 
ps/di vision, and the vertical scale is 20 milli Volts/division. 

After propagating the 610 meters, the original signal is 
converted into an initial pulse 410 and a secondary pulse 

35 420. This pulse splitting differs from the pulse broadening 
usually seen when multimode sources are launched into 
multimode fibers. 

The highly multimodal and wide bandwidth characteris- 
tics of the LED are believed to excite all or most of the 

40 fiber's transmission modes. As a result, a relatively small 
amount of the energy carried by the fiber is transmitted in the 
fiber's center and thus experiences the problematic trans- 
mission delay associated with the center index anomalies. In 
contrast, it is believed that the single mode laser source 

45 excites relatively few of the fiber's modes. Some of those 
modes propagate along the fiber's center, experiencing little 
delay, and an almost equivalent optical power is contained 
in other modes that propagate more toward the cladding/core 
interface, experiencing delay that would be predicted from 

50 the graded fiber configuration. These effects result in the 
distinct splitting, which severely undermines the decision 
logic in the detector yielding unacceptably high error rales 
when the transmission speeds approach 1 GBPS. While not 
all existing multimode fiber has this problem, a non-trivial 

55 amount does, and there is no easy test for identifying the 
problem fibers. 

FIG. 5 illustrates one embodiment of a system for pre- 
venting the pulse splitting in multimode fiber 110/single 
mode source 115 computer data network transmission sys- 

60 tems. Briefly, the invention is based on the principle that an 
opaque spot, applied to the center axis of the multimode 
fiber, between the detector and source, prevents the fiber 
modes traveling along the fiber's center axis from reaching 
the detector. Experiments have shown that stopping the 

65 coupling of the fiber's center modes to the detector prevents 
either the pulse splitting effect entirely or the effect at the 
detector where it causes problems. 
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[n the embodimenl of FIG. 5, an opaque spot 135 is 
applied to exit aperture 120 of the fiber 110, which forms the 
optical transmission media of the network. This configura- 
tion prevents any center modes of the optical signal propa- 
gating in the multimode fiber 110 from reaching the detector 5 
123, which is typically part of a network interface card 126 
of the computer node or network communications device. 
As a result, the center modes, which may propagate too 
quickly due to a reduced center index of refraction present 
in some multimode fibers, will not contribute to a pulse lO 
splitting effect at the detector 125 thereby preserving modal 
bandwidth. 

The opaque spot 135 is preferably large enough to prevent 
substantially all of the energy in the center modes from 
reaching the detector 125. In the preferred embodiment, the 15 
opaque spot blocks approximately 90% of the energy. This 
requires a spot approximately 5 to 7 microns in diameter for 
62.5 micron fiber. The opaque spot is preferably circular and 
applied substantially centered on the fiber's axis, as shown. 

The opaque spot 135 is applied according to a number of 20 
different techniques. In the preferred embodiment, it is 
painied-on, possibly using a jig. Alternatively, it is scribed, 
etched, or deposited on the fiber end. 

As also shown in FIG. 5, an opaque spot 140 is alterna- 
tively applied to the input or entrance aperture 130 of the 25 
fiber 110. This second configuration prevents the optical 
signal from the single mode laser source 115, typically also 
found in a network interface card 126, from exciting any of 
the center modes of the fiber 110. A characteristic of 
multimode fibers that allows this embodimenl to work is the 30 
limited coupling between the fiber's modes. That is, the 
center modes will not be excited by optical power crossing 
over from other modes. 

According to the invention, the opaque spot is applied to 
the fiber's input aperture 130 or output aperture 120, indi- 35 
vidually. Alternatively, opaque spots 140, 135 are applied to 
both of the input and output apertures 130, 120. 

RG. 6 shows another embodimenl in which the opaque 
spot(s) is/are not necessarily applied to the existing multi- 
mode fiber 110 but applied to a fiber pigtail or coupler 150 40 
between the existing multimode fiber 110 and the single 
mode light source 115 and/or detector 125. As before, the 
fiber couplers 150 are used at the detector or laser ends, or 
both. Moreover, the opaque spots 155 on the coupler 150 can 
be applied to the entrance/exit aperture ends 130, 120 that 45 
face the laser 115/detector 125 or to the coupler end 160 that 
interfaces with the multimode fiber 110, or both. 

FIG. 7 shows still another embodiment of the invention. 
In this case, a coupler 170 is used as in the embodiment in 
FIG. 6. The fiber coupler's refractive index, however, is 50 
constmcted so that i\ has a dark core 175 that can not 
transmit light, rather than the reliance on the opaque spots. 

FIGS. 8A and 8B show two index profiles that will not 
transmit any light through the fiber's center axis. By doping 
the fiber during its manufacture such that the index of 55 
refraction drops sharply near the fiber's center axis, as 
shown in FIG. 8A, light will be coupled only into modes 
existing in an annular ring centered on the fiber. Similarly, 
FIG. 8B shows a fiber index with an annular step profile. 
Here, the center 5-7 microns of the fiber transmits no Hght. 60 
As in the previous embodiments, these dark core couplers 
170 are placed either at the front end between the transmis- 
sion fiber 110 and the laser 115 at the tail end between the 
transmission fiber 110 and the detector 125, or both. 

While this invention has been particularly shown and 65 
described with references to preferred embodiments thereof, 
it will be understood by those skilled in the art that various 



changes in form and details may be made therein without 
departing from the spirit and scope of the invention as 
defined by the appended claims. Those skilled in the art will 
recognize or be able to ascertain using no more than routine 
experimentation, many equivalents to the specific embodi- 
ments of the invention described specifically herein. Such 
equivalents are intended to be encompassed in the scope of 
the claims. 
What is claimed is: 

1. A method of improving modal bandwidth of a multi- 
mode optical fiber, comprising: 

applying a blockiag area to the multimode optical fiber 
such that substantially no optical signal exits from a 
center portion of the multimode optical fiber, wherein 
the blocking area comprises an opaque spot. 

2. A method of improving modal bandwidth of a multi- 
mode optical fiber, comprising: 

applying a blocking area to the multimode optical fiber 
such that substantially no optical signal exits from a 
center portion of the multimode optical fiber; and 

generating the optical signal with one of: 

a single -mode laser source; 

a Fabry-Perot laser; and 

a vertical cavity surface emitting laser. 

3. The method as recited in claim 1, wherein the blocking 
area is positioned over a center axis of the multimode optical 
fiber. 

4. The method as recited in claim 1, fiirther comprising 
applying the blocking area to at least one of the exit aperture 
and an enU-ance aperture of the multimode optical fiber. 

5. A method of improving modal bandwidth of a multi- 
mode optical fiber, comprising: 

applying a blocking area to at least one of the exit aperture 
and an entrance aperture of the multimode optical fiber 
such that substantially no optical signal exits from a 
center portion of the multimode optical fiber; 

wherein the blocking area is applied by at least one of: 
painting; 
scribing; 
etching; and 
depositing. 

6. A method of improving modal bandwidth of a multi- 
mode optical fiber, comprising: 

applying a blocking area to the multimode optical fiber 
such that substantially no optical signal exits from a 
center portion of the multimode optical fiber; wherein 
the blocking area is a spot having a diameter that is 
approximately 6.5% to 11.2% of a diameter of the 
multimode optical fiber. 

7. A method of improving modal bandwidth of a multi- 
mode optical fiber, comprising: 

applying a blocking area to the multimode optical fiber 
such that substantially no optical signal exits from a 
center portion of the multimode optical fiber; wherein 
the blocking area is of a construction sufficient to block 
at least 90% of the energy in the center modes of the 
multimode optical fiber. 

8. An optical signal transmission system, comprising: 
multimode optical fiber; and 

a blocking area comprising an opaque spot applied to the 
multimode optical fiber such that substantially no opti- 
cal signal exits from a center portion of the multimode 
optical fiber. 

9. The system as recited in claims 8, wherein the blocking 
area is positioned over a center axis of the multimode optical 
fiber. 
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10. The system as recited in claim 8, wherein the blocking 
area is applied to at least one of an exit aperture and an 
entrance aperture of the multimode optical fiber. 

U. An optical signal transmission system, comprising: 
multimode optical fiber; and ^ 
a blocking area applied to the multimode optical fiber 
such that substantially no optical signal exits from a 
center portion of the multimode optical fiber, wherein 
the blocking area is of a construction suflScient to block 
at least 90% of the energy in the center modes of the 
multimode optical fiber. 

12. An optical signal transmission system, comprising: 
multimode optical fiber; and 

a blocking area applied to the multimode optical fiber 15 
such that substantially no optical signal exits from a 
center portion of the multimode optical fiber, wherein 
the opaque spot has a diameter that is approximately 
6.4% to 11.2% of a diameter of the multimode optical 
fiber. 20 

13. An optical signal transmission system, comprising: 
multimode optical fiber; and 

a blocking area applied to the multimode optical fiber 
such that substantially no optical signal exits from a 
center portion of the multimode optical fiber; 

wherein the blocking area is applied by at least one of: 
painting 
scribing 
etchii^; and 
depositing. 

14. An optical signal transmission system, comprising: 
multimode optical fiber; and 

a fiber coupler, coupled to the multimode optical fiber, to 
substantially prevent an optical signal from exiting a 35 
center portion of the multimode optical fiber, 

wherein the fiber coupler comprises an opaque blocking 
spot applied to at least one of an exit aperture and an 
entrance aperture of the fiber coupler. 
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15. The system as recited in claim 14, wherein the fiber 
coupler transmits only an annular ring of light into the 
multimode optical fiber. 

16. An optical signal transmission system, comprising: 
multimode optical fiber; and 

a fiber coupler, coupled to the multimode optical fiber, to 
substantially prevent an optical signal fi^om exiting a 
center portion of the multimode optical fiber, 
wherein the fiber coupler comprises a blocking area 
applied to at least one of an exit aperture and an 
entrance aperture of the fiber coupler, and the blocking 
area is of a construction sufiScient to block at least 90% 
of the energy in the center modes of the multimode 
optical fiber. 

17. An optical signal transmission system, comprising: 
multimode optical fiber; and 

a fiber coupler, coupled to the multimode optical fiber, to 
substantially prevent an optical signal from exiting a 
center portion of the multimode optical fiber, 
wherein the fiber coupler comprises a blocking area 
applied to at least one of an exit aperture and an 
entrance aperture of the fiber coupler, and the fiber 
coupler further comprises optical fiber having a first 
end being the entrance aperture of the fiber coupler and 
a second end being the exit aperture of the fiber coupler, 
wherein the blocking area is applied to at least one of 
the entrance aperture and the exit apertures of the 
optical fiber of the fiber coupler. 

18. The system as recited in claim 17, wherein the 
blocking area is applied by at least one of: 

painting; 
scribing; 
etching; and 
depositing. 

* * * * 4 
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[57] ABSTRACT 
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laser is driven into multiple transverse mode operation, 
which includes multiple iilamentation as well as opera- 
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modal dispersion, chromatic dispersicHi and mode selec- 

OPnCAL CX)MMUNICA'n ON WI TH tive 1 sses. All of these have the effect of decreasing the 

VERHCAL-CAVITY SURFAGE-EMTinNG LASER signal-to-noise ratio, and therefore it is desirable to 
OPERATING IN MULTIPLE TRANSVERSE eliminate r minimize them as much as possible. 

MODES 5 Intermodal dispersion becomes worse as the length of 

_ , the fiber increases. Intermodal dispersion only a£fects 

BACKGROUND OF THE INVENTION multimode fibers, and therefore single mode fibers are 

The present invention relates generally to optical preferred for oonmiunication over long distances* As 
transmission of signals and more particulariy to an opti- used herein, a "long" distance means a distance that is 
cal communication network of the kind having a multi- more than a few hundred meters and a "short" distance 
mode optical fiber that receives a multiple mode beam is one that is less than a few hundred meters. Of course, 
of light from a vertical-cavhy, surface-emittmg laser it should be understood that this is an approximation; 
being operated in multiple modes or multiple filamenta- multimode fibers up to a few kilometers in length have 
tion. been used successfiiUy, but usually when the required 

Optical communication systems are used to carry 15 length of the fiber exceeds a couple of hundred meters 
information from one locaticHi to another. One of the a single mode fiber wiQ be used, 
advantages of optical systems is that they have ex- Chromatic dispersion also becomes more severe as 
tremely wide bandwidths. This means that optical sys- the length of the fiber increases but, unlike intermodal 
tems can carry much more information than can other dispersion, chromatic dispersion affects both single 
kinds ofcoramunication systems such as radio or micro- 20 multimode fibers. The adverse effects of 

wave. For example, nearly all long-distance telephone chromatic dispersion can be minimized by using a 
calls are carried by op^ communication systems highly coherent laser because such a laser produces a 
because a smgle optical fiber can oirry thousands of Ught beam of very narrow spectral width. Accordingly, 
conventions at the same tune. Optical systems also ^^erent lasers have been preferred for i^st 

offer Uie poteatial of carrymg large quandttes of digita^ 25 communication systems, especially for commu- 

data for lugh-speed computers more effi^ ideation over long distances. 

ec^omically tlun other oommumcation systems. Of course, single mode optical fibers can also be used 

Every optical commmucadon system mcludes. at a ^^^^ ^ P hrdr^m^tS 

mifiimnTn, three elements: a transmitter that eenerates a ^ , \™ * uuuuicu mcu?*^, 

beam oThght and modltes^^SSr^ 30 for example to carry d^^^ 

transmitted, a receiver that receives the beam of light "? f J?^^^^^ to aiiry data be- 

and recovers the data from it, and a medium such asln pomte less than a meter apart a smgle 

optical fiber that carries the beam of Ught from the ?>°^P«^f • However, multtmode optical fibers are pre- 
transmitter to the receiver. Typically the transmitter ^^"^ short^tance optical communication sys- 
uses a laser or a Ught-emitting diode ("LED") to gener- 35 because their relative ease of packaging and align- 
ate the light beam. The receiver uses photodetectors or considerably less expensive than sin- 

the like to receive the beam. The medium may be an fSocrs, 

optical waveguide or the like instead of an optical fiber. ^ drawback of multimode optical media has been 

Light may Uavel through an optical medium in single media are subject to mode selective losses. A 

mode or multiple modes. In general, a **mode** of an 40 °*ode selective loss may be characterized as a physical 
electromagnetic wave can be defined as a stationary condition that affects the optical characteristics of the 
pattern of the wave. In the special case of a beam of medium. These losses may be, for example, splices in the 
light (which may be thought of as an electromagnetic medium, power splitters and other devices that are 
wave in the optical portion of the spectrum), a mode is connected to the medium, and physical defects such as 
a wave pattern that does not change the shape of its 45 P^or quality connections and misalignment of compo- 
transverse field distribution as it propagates through the nents. Although such physical conditions can be re- 
medium, duced by car^ design and construction, in practice it 

A given optical medium may be capable of support- ^ rarely possible to produce a system that is totally free 
ing many modes or only a single mode. This is deter- of them. Therefore, all practically realizable multimode 
minedhy physical parameters such in the case of an 50 optical communication systems will be subject to at 
optical fibCT— the diameter of the fiber and the differ- ^me mode selective losses, 

ence between the indices of refraction of the core and The actual mechanism by which physical discontinu- 
the cladding. ities produce mode selective losses will now be briefly 

Likewise, many lasers can be caused to operate m discussed. Interference between different modes in a 
single mode or in multiple modes. This can be done by 55 multimode medium carrying a coherent light beam 
a suitable choice of device structure and drive condi- produces a speckle pattern. Ideally this speckle pattern 
tions. Multiple mode operation has generally been un- would remain stationary, but in practice it moves about 
derstood to consist of multiple modes in one laser cav- within the medium. Speckle pattern movement may be 
ity. However, studies have shown that multiple mode caused by physical jostling or other movement of the 
laser operation can occur with filamentation due to 60 fiberitself (relatively slow movement) or by laser mode 
non-uniform gain or loss^ This is especially true for partitioning and the like (relatively fast movement), 
lasers with large transverse dimensions compared with Movement of the speckle pattern in a system having 
the wavelength. For convenience, the terms "multiple mode selective losses results in power variations in the 
mode" and "multimode" as used herein to describe the received signal. These variations are caused by the 
operation of a laser will include both multiple modes m 65 mode selective 1 sses and result in a degradation of the 
a single laser cavity and multiple filamentation. signal-to-noise ratio. In digital systems, a degradation of 

Optical communication systems are subject to various the signal-to-noise ratio manifests itself as an increased 
kinds of losses and limitations. Among these are inter- bit error rate. 
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Mode selective losses are described in more detail in 
such references as Epsworth, R. 'The Phenomenon 
of Modal N ise in Analogue and Digital Optical Fibre 
Systems", Proceedings of the 4th European Conference on 
Optical Communications, Genoa, September, 1978, pp. 
492-501, and in Kanada, T., "Evaluation of Modal 
Noise in Multimode Fiber-Optic Systems", IEEE Jour- 
nai of Lightwave Technology^ 1984, LT-2, pp. 11-18. 

Mode selective losses can be avoided by using a rela- 
tively low-coherence light source such as an LED or a 
self-pulsating laser diode ("SPLD") rather than a highly 
coherent laser. The use of LEDs in optical communica- 
tion systems is described in Soderstrom, R., et al., "Low 
Cost High Performance Components of Computer Op- 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of a preferred embodi- 
ment of an ptical communication system according to 
the invention; and 

FIG. 2 is a cross-sectional view of a vertical-cavity, 
surface-emittihg laser of the kind used in the conununi- 
cation system shown in FIG. 1. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

As shown in the drawings for purposes of illustration, 
the invention is embodied in a novel optical communi- 
cation system having a vertical-cavity, surface-emitting 



tical Data Links", Proceedings of the IEEE Laser and 15 laser C*SEL'*) driven into multiple Uansverse mode 



Electrooptics Society Meeting, Orlando, Fla, 1989. A 
disadvantage of using LEDs in optical communication 
systems is that the coupling efficiency between an LED 
and an optical fiber is very low. In addition, LEDs are 
inherentiy slow, which limits the maximum data rate. 

SPLDs have been used in such systems as the Hewl- 
ett-Packard HOLC-0266 Mbaud Fiber Channel multi- 
mode fiber data link, manufactured by the assignee 
hereof; this is described in Bates, R. J. S,. "Multimode 



operation to provide a light beam that carries data reli- 
ably and efficientiy over a multimode optical medium. 
To avoid the expense of smgle mode fibers for commu- 
nicating over distances of less than a few hundred me- 
20 ters, existing optical communication systems have used 
multimode fibers, but such systems have been subject to 
unacceptably high mode selection losses or have used 
low-coherence light sources such as LEDs and SPLDs 
that have not been able to achieve suffidentiy high data 



Waveguide Computer Data Links with Self-Pulsating 25 rates. 

Laser Diodes", Proceedings of the International Topical A communication system according to tiie invention 
Meeting on Optical Computing, Kobe, Japan, April, uses an SEL operating in multiple transverse modes. 
1990, pp. 89-90. The coupling efficiency between an TTic SEL provides a beam of light that has lower ooher- 
SPLD and an optical fiber is better than that between an encc than tiie highly-coherent light beams typically 
LED and an optical fiber, but still is not optimal. In 30 used in single mode systems but higher coherence than 
addition, the wiflTimnm data rate that can be achieved the low-coherence beams provided by LEDs and self- 
with an SPLD is limited. Neither SPLD nor LED sys- pulsating lasers. A multimode optical medium carries 
tems have been able to achieve reliable data rates as the beam from the SEL to a receiver which inay be less 
high as 1 gigabit per second than a meter away or 100 meters or more distant The 

From the foregoing it will be apparent that there 35 system can transmit data at any rate up to and exceeding 



remains a need for a reliable and economical way to 
carry data at rates exceeding one gigabit per second by 
means of optical communication systems operating over 
short distances. 

SUMMARY OF THE INVENTION 

The present invention provides an optical communi- 
cation system that can transmit data reliably and eco- 
nomically by means of multimode optical media at any 
rate up to and exceeding one gigabit per second. 

Briefly and in general terms, the invention is embod- 
ied in an optical communication system having a verti- 
cal-cavity, surface-emitting laser ("SEL"). A multi- 
mode optical medium such as an optical fiber is coupled 



1.5 gigabits per second with a negligible bit error rate. 
The system provides all the benefits, such as easy align- 
ment, simple packaging and low cost, usually associated 
with multimode optical media. 
40 A preferred embodiment of the invention will now be 
discussed in more detail. As shown in FIG. 1, the inven- 
tion is embodied in an optical communication network 
that includes an SEL 11, a power supply 13 that pro- 
vides a bias current to drive the SEL into multiple trans- 
45 verse mode operation, and a multimode optical medium 
15 optically coupled to the SEL to carry the optical 
signal from the SEL to a remotely-located receiver 17. 
The SEL is responsive to a signal carrying data (desig- 
_ nated generally as 19) to provide an optical signal mod- 

to the SEX* A power supply provides a bias current that 50 ulated ^vith the dat4?. The receiver 17, which is cptl':^?lly 
drives the SEL into multiple transvCTse mode opera- coupled to the optical medium 15, receives the modu- 
tion, preferably in more than two distinct modes. The lated optical signal and recovers the data (designated 
SEL generates a beam of light that has a lower coher- generally as 21) therefrom. 

cnce than that provided by a single-mode laser. This Various kinds of multimode optical media such as 
beam of light is modulated with data carried by an 55 optical fibers and waveguides may be used for the me- 
incoming signal The SEL preferably has an aperture dium 15. The SEL 11 and the receiver 17 are coupled to 
larger than about eight micrometers (**fim") through the medium 15 through suitable couplings 23 and 25. As 
which the modulated light beam is emitted. will be discussed in more detail presently, the SEL 11 is 

The optical medium carries the modulated beam of preferably driven in more than two distinct transverse 
light from the SEL to a receiver at a remote location. 60 modes; as noted previously, this may comprise multiple 
The receiver, which may be closer than a meter or filamentation. 

farther away than 100 meters, recovers the data from A preferred method of fabricating the SEL 11 is 
the light beam. illustrated in FIG. 2. The SEL is grown on an n-h GaAs 

Other aspects and advantages of the invention will (gallium arsenide) substrate 31. A bottom output mirror, 
become apparent from the following detailed descrip- 65 for example 18.5 pairs of n-doped GaAs/AlAs (gallium 
tion, taken in conjunction with the accompanying arsenide/aluminum arsenide) quarter-wave layers (gen- 
drawings, illustrating by way of example the principles erally designated 33 in the drawing), is epitaxially 
of the invention. grown on the substrate 31. The interface between the 
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layers is graded using an AiAs/GaAs/Al(0.3)Oa(0.7)As and that the physical dimensions will change accord- 
variable duty cycle short period superlattice ("SPSL"). ingly. 

The SPSL reduces any heterojunction band discontinu- In another test the performance of the large-area SEL 
ities at the QaAs/AlAs interface. The doping level is was compared with that of a smaller SEL having a 12 
IXlO^^cm-^ in uniform r^ions and SxlOi^cm-^ in 5 pm opening. The threshold currents were about 6,5 
graded regions. For simplicity only a few of the 18.5 milliamps (mA) for the large SEL and 4.2 mA for the 
pairs of layers are shown in the figure. The reflectivity smaller. The threshold voltages were 2.7 and 4.5 volts, 
of the bottom mirror 33 is 98.9%. respectively. The output power at twice the threshold 

Next an optical cavity structure 35 is grown. The current was 3.6 milliwatts (mW) for the larger SEL and 
cavity structure includes an n-cladding layer 37, a quan- 10 2.8 mW for the smaller. The emission wavelength was 
turn well 39, and a p-cladding layer 41. The cladding a^o^t 970 nm. 

layers 37 and 41 comprise Al(a3)Ga(0.7)As doped to The SELs were modulated directly by a 1 gigabit- 
lXlOi8cm-3, reduced to 5xlO>7cm-3 adjacent the per-seoond, non-retum-to-zeio ("NRZ") signal at a 
quantum well 39. The quantum well 39 comprises 3 maximum of 2 volt amplitude and with a 2 i5_l pseudo- 
MQW of strained In(0.2)Ga(0.8)As (m^mn gallium random bit sequence through a biasrT. The bias levels 
arsenide) having a thickness of about 80 A (A= Ang- ^J^^^^^y^ respective threi^old currents 

Strom), with GaAs barriers having a thickness of 100 A. The SELs were directly coupled into 50/125 graded 

Above the quantum well 35 is a highly-reflective top index multimode fiber. The length of the fiber between 
mirror 43. The reflectivity of the top mirror is greater ^„ ^fi and the^p was 16 meters, and the gap was 
thaD99.96%.ThetopmirTQr43comprises,forcxample, 20 ^dji^ted for a 10 dB loss. An optical attenuator was 
15 pairs of GaAs/AlAs quarter wave layers (generaUy "^ff betw«=n tiie gap and the receiver to k^p Ae 
de«>ated 45), a phase hatching layer 47, aid an Au opdcal power madent on the receiver at 6 dB above the 
(gold) lay^ A proton isolation region 51 surrounds '^^.'l^^Jl^^^ , Hewlett-Packard model 83442A 
Oie penmeter of the quarter wave layers 45. As with the ^^^^^ multimode use with a 60 ^m In- 

bottom mirror 33, only afew of OaAs detector and a multimode FC/PC input Domiec- 

«areacmally shownmFIG. 2. The mterfaces between ^^^^^^ had a -3 dB bandwidth of 0.9 GHz. 

the quarter wave layers are ^ed m a maimer gener- AC-coupled receiver output was amplified to 10 

ally smiikr to the gradmg of the mterfac^ m the ^^^^ ^^^^^ detection. The s^itivity of the receiver 

mirror 33. Hie dopmg levels are IX 10i8cm;3 m urn- 3^ _23 dBm for a receiver noise-limited BER of 
form regions and 5 X lO^^cm-^ m graded regions. jq«9 

The phase matching layer 47, which b GaAs, com- in this test configuration, die 25 ^m SEL was oper- 
pcnsatcs for phase ^ys that result from finite penetra- ^ ^^^^^ ^ ^^^^ resulting in a BER of 

tion of the optical field mto the Au layer. \0-^h In other tests, the length of tiie fiber 

The Au layer 49 is about 2000 A thick and is febri- 35 between the SEL and tiie gap (the gap was adjusted to 
cated, after MBE growth of the underlying structure, as a 10 dB loss) was varied between six and 406 meters and 
follows. First a 2000 A layer of Au is deposited on the ^vcry such instance the BER was less tiiat 10- ». The 
GaAs phase matching layer 47. Then a thick (more than 12 SEL was also able to achieve a BER of less than 
10 pm) Au button is plated on top to serve as a mask for iq- 1 ^ with the gap adjusted to about a 4 dB loss, 
proton isolation. The wafer is tiien proton implanted. 40 a strongly-driven SEL witii a relatively large surfece 
Crystal structure damage that results firom the proton ("large surface area" means a surface opening 

implantation provides for current confinement and larger than about eight p.m) will operate in multiple, 
therefore gain guiding. Then another thick Au button high-order transverse modes tiiat are at slightly differ- 
53 with a diameter of about 300 /im is plated on top. wavelengths. As the size of the opening increases, so 

This button 53 is used for solder/die attachment of the 45 (Jq^s the maTiTniim number of transverse modes that can 
completed device to a heat sink. The wafer is then be obtained. Thus, an SEL with a 25 ptm opening can be 
lapped and polished to a diameter of 125 pirn and an operated in significantiy more transverse modes than an 
annular electrode 55 is patterned on the bottom. A SEL with a 12 fim opening. 

quarter-wave anti-reflection coating 57 of Si02 (silicon As the number of transverse modes increases, the 
dioxide) is deposited in the open region of the electrode 50 optical bandwidth of the light produced by the laser 
5S. also increases and the coherence of the light decreases. 

An optical communication system embodying the Speckle visibility measurements have shown that the 
principles of the invention was constructed using a speckle visibility from a large-area SEL is smaller than 
relatively large-area SEL with a 25 pm opening cou- that of smaller SELs. 

pled to an optical fiber. A physical discontinuity was 55 Despite operating in multiple transverse modes, the 
deh'berately introduced into the fiber; this discontinuity large-area SEL operates in a stable, single longitudinal 
was a gap of several millimeters. The gap was adjust- mode. Longitudinal mode partition noise, which results 
able to cause between 3 dB and 16 dB of loss. The from multiple longitudinal modes, is therefore not a 
length of the fiber between the SEL and the gap was 16 significant problem with large-area SELs. 
meters; this portion of the fiber was agitated with a 60 In one test, a 25 ^ SEL was found to be operating 
shaker to simulate the effect of fiber movement. The bit in at least six distinct transverse modes at a drive current 
err r rate ("BER") was measured for gaps of various of 2.3 times the threshold current. The spectral width 
widths; the measured BERs were less than 10^* " for was A\=0.75 nm. When the drive current was reduced 
losses up to 10 dB. sufficientiy to cause the laser to go into single mode 

In the tests described herein, a wavelength of about 65 operation, the spectral width was AX < 0.08 nm; this 
970 nanometers ("nm") was used. It will be apparent measurement was limited by the resolution of the opti- 
that the principles of the invention are equally applica- cal spectrum analyzer that was used for the test. In 
ble to devices that are operated at other wavelengths, contrast, a 12 pm SEL was found to be operating in 
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single mode at a drive current l.S times the threshold 
and in two transverse modes at a drive current 2.5 times 
the threshold. 

From the foregoing it will be apparent that an ptical 
communication system according to* the invention is 
capable of carrying digital data at rates up to and ex- 
ceeding 1.5 gigabits per second with very low bit error 
rates. The invention also offers the advantages, such as 
easy alignment, simple packaging and low cost, that are 
associated with systems using miiltimode optical media. 
In addition, SELs are expected to be easier and less 
expensive to manufacture than other kinds of lasers. 

Although a specific embodiment of the invention has 
been described and illustrated, the invention is not to be 
limited to the specific forms or arrangements of parts so 
described and illustrated, and various modifications and 
changes can be made without departing from the scope 
and spirit of the invention. Within the scope of the 
appended claims, therefore, the invention may be prac- 
ticed otherwise than as specificaUy described and illus- 
trated. 

We claim: 

i. An optical conununication network comprising: 
a vertical-cavity, surface-emitting semiconductor 25 
laser structure having an aperture larger than eight 



to 



15 



20 



micrometers through which an optical signal may 
be emitted; 

a power supply that provides a bias current to drive 
the laser into a multiple transverse mode of Opera- 
tion m which the laser is responsive to a signal 
carrying data to provide an optical signal modu- 
lated with the dtUa and to emit the optical signal 
through the aperture; and 

a multimode Optical medium optically coupled to the 
laser to carry the optical signal from the laser to a 
remotely-located receiver. 

2. A network as in claim 1 and further comprising a 
receiver, optically coupled to the optical medium, that 
receives the modulated optical signal and recovers the 
data therefrom. 

3. A network as in claim 1 wherein the multiple trans- 
verse mode of operation comprises more than two dis- 
tinct transverse modes. 

4. A network as in claim 1 wherein the multiple trans- 
verse mode of operation comprises multiple fiiamenta- 
tion. 

5. A networic as in claim 1 wherein the multi-mode 
optical medium comprises an optical fiber. 

6. A network as in claim 1 wherein the multi-mode 
optical medium comprises an optical waveguide. 

« * « * * 
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Detailed Description Text - DETX (4): /l;^ //-/Z^ 

As shown in FIG. 1, the laser head assembly 12 c omprises a lase r ^ 
di ode 2Q 

for generating an optical beam of a known light wavelength, and a pair 
of 

aspherical optical lenses 22,24 for focusing and collimating the 
optical beam. 

The first aspheric lens 22 collects and focuses the light, creating a 
magnified 

image of the source at its back focal plane. The second aspheric lens 
24 

collimates the light, i.e., converts diverging light rays to parallel. 
An 

optical isolator 26 is disposed between the two lenses 22,24 to prevent 
any 

light reflected at some point further down the optical link from 
propagating 

back to the laser diode 20. For example, any light reflected by 
connectors or 

splices in the communication link will propagate down the optical fiber 
28 back 

to the laser diode 20. The reflected power is absorbed or diverted by 
the 

optical isolator 26. It should be noted that the isolator can be 
placed at 

other points in the optical system, for example, between the second 
lens 24 and 

GRIN lens 14. The position in the preferred embodiment allows the 
isolator to 

be of small diameter. Also note that other types of lenses are 
possible, such 

as spherical. The aspheric lenses are chosen because of their ability 
to 

collect the widely divergent light from laser diodes, and focus and 
collimate 

it, with a minimum of aberration and lost optical power. 
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ABSTRACT 



An integrated optical transmitter for use in an optical system 
has an optical head assembly with an optical beam generator 
for providing an optical beam and a lens assembly collecting 
the optical beam and generating therefrom a formed optical 
beam. Interface optics receives the formed optical beam and 
provides optical coupling so as to minimize insertion loss to 
the optical beam. Also included is an optical modulator for 
receiving the optical beam from the interface optics and for 
providing a modulated optical beam in response to received 
modulation signals. The optical modulator is coupled to the 
interface optics to be in a fixed relationship therewith. 

24 Claims, 10 Drawing Sheets 
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